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Report 21052-3F

FOREWORD

This report summarizes the work accomplished under Contract NAS 8-21052,
"Advanced Injector Concepts Investigation.'" The program technical effort

extended over a 18-month period and was completed on 31 December 1970.

The work was conducted under the cognizance of the Engine Components
Department, Aerojet Liquid Rocket Company, Sacramento, California. Key
Aerojet program personnel included Dr. N. E. Van Huff, program manager;

Mr. J. F. Addoms, project manager; Mr. R. L. Boyce, project engineer; and
Dr. R. J. LaBotz, technical specialist. Overall program direction was pro-

vided by the NASA technical manager, Mr. R. J. Richmond.
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I. INTRODUCTION

The purpose of this program was to continue exploration of a throttling
injector concept that is applicable to an advanced cryogenic engine. This program

is Phase III of Contract NAS 8-21052, initiated by Marshall Space Flight Center.

Phase I of the program included evaluation of injectors suitable for staged
combustion systems incorporating primary and secondary injectors as well as an
annular-shaped combustor in which hydrogen is preheated in a regeneratively cooled
jacket. These engine systems had in common the requirement for successful opera=
tion while throttling over a wide thrust range. The concept utilized in each of
the injector designs is designated HIPERTHIN*., The four subscale HIPERTHIN
injector systems investigated during Phase I were: (1) an annular heat exchanger/
injector combustor segment designed for liquid oxygen and gaseous hydrogen~~this
injector segment simulates the conditions anticipated in a hydrogen regeneratively
cooled annular combustor; (2) a primary combustor injector which produces hydrogen=-
rich hot gas required in a staged-combustion system; (3) a secondary combustor
injector which operates with liquid oxygen and hot hydrogen-rich primary combustor
gas; and (4) an alternative secondary combustor injector design for use in staged-
combustion cycles that employ both fuel- and oxidizer-rich primary combustors.,

Phase I was reported in Report 21052-~1F, dated 31 July 1968,

During Phase II, the areas of performance, injector AP/PC behavior, face
cooling, throttling range, and combustion stability characteristics of the HIPERTHIN
annular heat exchanger/injector combustor segment were examined in more detail.
Additionally, certain fabrication problems met during Phase I were resolved. The
annular heat exchanger/injector segment development was continued, as this injector
appeared to be the best for use in conjunction with an advanced cryogenic rocket
engine. This segment was designed for liquid oxygen and gaseous hydrogen, simulating
the conditions anticipated in a hydrogen regeneratively cooled annular combustor.

Phase II was reported in Report 21052-2F, dated January 1970.

*A concept developed and owned by Aerojet-General Corporation on which AGC holds
Patent No. 3,413,704 and other patents pending.
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IT1. SUMMARY

Phase III of Contract NAS 8-21052 was initiated 1 July 1969 and was

divided into two tasks:

Task I was an analytical investigation of the feasibility of tapping turbine
drive gases from the chamber and passing them through the HIPERTHIN injector. This
effort consisted of analysis and preliminary design only; no hardware was fabri-

cated for experimentation.

In operation, gases tapped from the combustion chamber are passed back
through the injector counter to the flow of incoming propellants. The problem
was to determine if--by proper sizing of the hot gas channels and the propellant
injection channels=«an optimum heat transfer area could be provided to enable the
hot gases to yield sufficient energy to gasify the incoming propellants, and yet
retain sufficient energy to drive the turbopump after leaving the injector/heat

exchanger.

It was concluded that the hot gas tapoff cycle injector concept is feasible
and can operate successfully over the full throttling range specified (33:1),
using nickel as the injector material. Certain practical considerations such as
the extremely short length of the injector (0.3 in.) may tend to diminish the
desirability of employing this concept. Copper was also briefly considered for
the tapoff injector material and, from an analytical standpoint, is superior to

nickel for this application.

Task II was devoted to further exploration of the annular segment injector,
Figure 1, primarily to gain additional data regarding combustion stability,
injector face cooling, and steady~state performance at chamber pressures up to
2500 psia. The longer firing durations required to ensure steady-state data and
the higher chamber pressures required the use of nickel injector platelet material

for improved injector face cooling and water cooling of the chamber.
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II, Summary (cont.)

The objectives of the annular segment injector work for Phase III were to
demonstrate that the HIPERTHIN is adequate for mechanical strength operation at
high chamber pressures, to determine the maximum pressure (up to 2500 psia) at
which the thruster could be operated without burning the injector face, and to
demonstrate that the desired throttling range could be realized at short L' with

high performance.

Most of these objectives were met. The mechanical strength of HIPERTHIN
was demonstrated by ten tests of one injector at chamber pressures varying from
100 to 1300 psia. The same injector was also subjected to numerous cold flow
cycles and is still structurally sound. No face burning was evident up to the
highest chamber pressure level tested (1300 psia) and combustion was stable.
Performance ranged from an energy release efficiency of 98% at the 100 psia PC

level to 94% at the higher chamber pressure.

The chamber used for test firings was a copper-lined water-cooled thrust
chamber with a two~dimensional rectangular converging section and throat. The
basic chamber léngth was 2.5 in. (7.3 in. L¥*), but attachments for nozzles were
provided so that nozzle extensions could be added for operation. The test hardware

is shown in Figures 2 and 3.

Use of the Nickel 200 platelet material, required because of face overheating
experienced with the stainless steel injectors of Phase II, presented some fabrica-
tion problems. Many of the platelets were inadequately plated with the electroless
nickel braze material. As a result, both platelet stacks leaked at the edges, but
both were successfully repaired and one injector was later tested at 1300 psia
with no leakage problems. A procedure has been devised to preclude recurrence of
this problem. Two nickel injectors were fabricated for Phase III, although only

one was required to conduct the test series.
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ITT. CONCLUSIONS
A. TAPOFF CYCLE

1. The basic tapoff cycle is analytically sizeable up to chamber

pressures of 2500 psia with nickel platelet injectors.

2, Above 2500 psia, the permissible tolerances on operating conditions

are too small for a practical tapoff cycle with nickel injectors.

3. Copper should be considered as a substitute for nickel in the

tapoff system at pressures of 2500 psia and above.
B. ANNULAR INJECTOR DESIGN

1. The integral heat exchanger/injector design concept for extended
throttling was demonstrated to be feasible over a throttling range of 13:1 (chamber

pressures of 100 to 1300 psia).

2. The design modifications to the heat exchanger section were

effective in vaporizing the oxygen and providing uniform, nonpulsing injection.

3. The basic analytical tools employed in injector hydraulic design
are suitable for conventional platelet passages. Some modification to the model is

required to account for the hydraulic affect of the turbulators added to the LO

2
heat exchanger section.
4, The injector is structurally adequate at chamber pressures of
at least 1300 psia and differential manifold pressures of at least 1600 psi.
5. The nickel platelet material was effective in extending the face
cooling capacity to at least 1300 psia chamber pressure.
6. The 2.50-in. chamber length may be too short for maximum efficiency.
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III, Conclusions (cont.)
C. FABRICATION

1. Full-scale injectors can be fabricated from Nickel 200 platelets

as readily as from stainless steel platelets.

2. The technique of copper flashing the nickel platelets prior to
depositing the electroless nickel braze alloy is an effective quality control tech-

nique for assuring complete braze alloy coverage:
D. OPERATING CHARACTERISTICS

1. A 2.50-in. L' chamber is adequate for HIPERTHIN injectors to provide
combustion efficiency in excess of 97% at chamber pressures in the 100 to 500 psia

range using OZ/HZ propellants at O/F of between 5.73 and 6.45.

2. The combustion efficiency measured was lower at higher chamber

pressures and/or higher mixture ratios.

3. The observed reduction in ERE with increasing PC and decreasing

O/F is due mainly to increasing Pc'
4. The short 2.50-in. length chamber may denote performance charac-
teristics such as reaction isolation zones, which tend to inhibit mixing, that would

normally not be seen in longer length chambers.

5. Results cast doubt that a combustion system can be made to throttle

over a wide range while maintaining a constant, high ERE.
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RECOMMENDATIONS

1,

Determine quantitatively the efficiency and heat transfer capabilities

of the injector heat exchanger section.

Determine the minimum injector AP and/or AP/PC required for stable

operation.

Expand the platelet technology to include copper platelets for appli-

cation to the tapoff cycle.

Modify the heat exchanger computer model to improve hydraulic predictions.

Determine the parameters causing the observed combustion efficiency

reduction at higher chamber pressures.

Determine the interrelationship between operating mixture ratio and

operating chamber pressure on combustion efficiency.
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V. TAPOFF CYCLE ANALYSIS

A, INTRODUCTION

This section documents a study to investigate the feasibility of
employing a platelet injector that will simultaneously provide the functions of
heat exchanger and propellant injector. Under this concept, cryogenic hydrogen
and oxygen are gasified by hot combustion gas, which is "tapped-off'" from the com-
bustion chamber and directed in a counterflow manner through the injector and

subsequently used to drive the turbines in the propellant feed system.

The tapoff cycle concept is shown schematically in its simplest form
in Figure 4. Hot gas is bled from the combustion chamber through a heat exchanger,
where it gives up heat, vaporizing the incoming propellants. From the heat
exchanger, the bleed gas enters the engine turbines which drive the pumps.
Vaporizing the incoming propellants gives the injector a gaseous flow characteris-
tic for throttling purposes and may also help in obtaining high combustion
efficiencies in short lengths. The quantity of bleed gas required is determined
by an overall engine system balance, as the bleed gas flow must contain sufficient
energy to completely vaporize the incoming propellants and drive the engine

turbomachinery.

The tapoff cycle is particularly well adapted to the platelet injector
concept, since the heat exchanger can be built directly into the injector body.
This feature permits construction of a very compact system, eliminating the
necessity of constructing additional cooled ducts for bringing the bleed gas from
the chamber to the heat exchanger. However, it must be recognized that even with
the platelet injector introduction of combustion chamber gases directly into the

injector poses a very difficult injector face cooling problem.
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V, Tapoff Cycle Analysis (cont.)

B. DISCUSSION

The initial step in the analysis was the establishment of operating
conditions and limits. The thrust chamber operating conditions established in the

contract are:

Chamber pressure, psia 2500 maximum
Propellants 0,/H,
Mixture ratio 5 to 6
Propellant temperature, °R 36 to 200
Throttling range 33:1

The turbopump operating conditions and limits were selected to cover a

range representative of advanced oxygen/hydrogen engines. The parameters selected

were:
Gas inlet to turbine 1600°R 24000R
Turbopump efficiency 50% 70%
Pump outlet pressure 1.5 P,
Pump flow rate 1.05 %t thrust chamber

The injector/heat exchanger design limitations were chosen on the basis
of previous HIPERTHIN injector experience. A minimum separator thickness of 0.010 in.
a maximum unsupported span of 0.100 in., and a minimum land thickness of 0.015 in.
were chosen as limits. Nickel was assumed as the injector material for the bulk of
the analysis because this is the material being used in Task 2 and because Aerojet
had previously demonstrated a capability for fabricating HIPERTHIN injectors from
nickel. A single computer run was performed assuming the injector was fabricated

from copper for comparative purposes.

The second step in the analysis was establishment of a mathematical model
to describe the thermal behavior of the integral heat exchanger/injector. The model
devised is basically an electrical analog representation of the platelets. The

network is relaxed by means of a thermal analyzer computer program using a UNIVAC 1108
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V, B, Discussion (cont.)

computer. Several subprograms were coupled with the main program to provide values
for parameters such as pressure drops, boundary conditions, turbopump requirements,
and thermodynamic and physical properties of the fluids and structure as a function

of temperature and pressure.

The results of the analysis indicate that full thrust operation imposes
the most severe conditions on the hardware. At full thrust, when nickel is used as
the injector material, operation of the tapoff cycle system appears marginal. The
limiting parameters are injector face temperature and gas temperature delivered to the
turbine. ©No difficulties are analytically apparent in vaporizing the propellants or in
operation at throttled conditions. The problem area is in the percentage of gas
tapped from the thrust chamber. Anything in excess of about 6% results in excessive
injector face temperature, and anything less than 6% is insufficient to supply the
required turbine enthalpy. This results in an extremely narrow allowable tapoff
range and allows no margin for system nonuniformity. Several actions are possible
to improve the situation. These are (1) increase the turbopump efficiency, (2) reduce
the assumed system pressure drop, (3) lower the chamber pressure at maximum thrust,

and (4) fabricate the injector from copper rather than nickel.

An analysis comparing injectors fabricated from copper with injectors made
from nickel showed that the copper injector is analytically superior to nickel. Com-

paring the two critical parameters, using copper and nickel injectors; shows:

Nickel Copper
Maximum injector face 2550 1440
temperature, ©R
Maximum gas temperature 2780 2160

to turbine, °R
Although no platelet injectors have as yet been fabricated from copper, no problems

are apparent which would prevent its use. The tapoff cycle using a platelet injector

fabricated from copper is feasible within the limitations assumed for the analysis.
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V, Tapoff Cycle Analysis (cont.)

G. OPERATING REQUIREMENTS AND CONDITIONS

The primary requirements for successful operation of the tapoff cycle
injector concept are maintaining structural temperature limits and properly conditioning
the combustion gas necessary to drive the turbopumps. Secondary considerations are
pressure drop and propellant outlet temperature. The resulting envelope size and cone

figuration of the injector must also be considered.

The operating conditions considered were:

Chamber pressure 75 - 2500 psia
Throttling range 33:1

Thrust 5000 1b nominal at 2500 PC
Hydrogen inlet temperature 36 to 2000R

range

Mixture ratio 5 to6

D. INJECTOR MODEL

In order to perform the parametric studies required to evaluate concept
feasibility, it was necessary to establish a mathematical model describing the
thermal behavior of the injector/heat exchanger. Schematically, this model is shown
in Figure 3. It is basically an electrical analog representation of a portion of
the platelets transporting the fluids, selected to yield known boundary conditions.
A finite differencing scheme was used to relax the network by means of the SINDA(I)
Thermal Analyzer computer program used on a UNIVAGC 1108 computer. The model was
programmed for maximum flexibility in input quantities and parameter values.
Several subprograms were coupled with the main program to provide such quantities as
pressure drop calculation, boundary conditions, thermodynamic and physical properties

of the fluids and structure as a function of temperature and pressure and turbopump

requirements.

(1) J. D. Gaski, ""Chrysler Improved Numerical Differencing Analyzer for Third
Generation Computers,' TN-SP-67-287, Chrysler Corp. Space Division, New Orleans,
La., October 1967,
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V, D, Injector Model (cont.)

The model provided for two-dimensional temperature profiles to be
established through the three fluids and the injector structure. A listing of the
SINDA program input, as well as the subroutines used, are presented and discussed
in Appendix A. (A listing of the rather extensive thermodynamic properties program
for oxygen and hydrogen is not included. However, their contents and use made of

them are discussed.)

One difficulty associated with throttling is that the heat exchanger
injector is required to operate at both supercritical and subcritical pressures.
For this injector, maximum chamber pressure (Pc) is 2500 psia. Since the system must
be throttlable over a thrust range of 33:1, the lower limit on P, is about 75 psia.

The critical state points for the respective propellants are as follows:

Oxygen Hydrogen
Critical temperature 278.60R 59. 40R
Critical pressure 734.8 psia 187.6 psia

It can be seen that, for maximum thrust operation, both propellants are in a super=-
critical state during their injector residence time. For throttling to chamber
pressures below 734.8 psia for oxygen and 187.6 psia for hydrogen, each propellant

undergoes phase changes from supercritical, to two-phase, to gas.

Predicting heat transfer and pressure drop for two-phase flow is difficult
at best. 1In these studies, the beginning of the two-phase flow regime was determined
for each propellant and saturated vapor properties at the pressure encountered at
this point were used to establish the heat transfer coefficient and Reynolds number.
It was recognized that the heat transfer coefficient derived in this manner will be
somewhat less than might be expected, hence resulting in a longer channel requirement
to transfer heat and a conservative design. Other methods were considered* but their

complexity were deemed not justified for this conceptual design study.

%P, J. Giarratano and R. V. Smith, '"Comparative Study of Forced Convection Boiling
Heat Transfer Correlations for Cryogenic Fluids,' Paper No. H-1 (Cryogenic Engi=
neering Conf., Houston, Texas, 23-25 August 1965).
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V, Tapoff Cycle Analysis (cont.)

E, COMBUSTION GAS CONDITIONING REQUIREMENTS FOR TURBOPUMP

Combustion gas requirements necessary for successful turbopump operation
were obtained by assuming a nominal combustion gas mixture ratio of 5.0 and using
standard turbine expressions to derive gas weight flow and temperature ranges. The
system configuration is shown schematically in Figure 6. Expressions used are listed
below. The subscripts used refer to the conditions at that specific station as shown

in Figure 6.

1, Fuel Pump Weight Flow Requirement, lb/sec

W
. _ total - . _ .
Ve = TR X 1.05 where Yioral = total engine flow rate, lb/sec

2. Oxidizer Pump Weight Flow Requirement, lb/sec

MR x w P
= ———tofal g o5 here v = = X W, and
o T+ MR y WHETE Yiotal — YT

Pc(full thrust)
is the combined oxygen and hydrogen flow rate for the full thrust condition.

TF

3. Turbine Qutlet Temperature, TA’ OR

14

T, = Ty [P3/P,] ¥

3 Turbine inlet temperature, °R

H
it

i

P3 Total turbine inlet pressure, psia

Static turbine exit pressure, psia

4. Pump Head Requirement, 4H, ft

AH = where}a = 1b/ft” (fluid density)

£

*Factor to account for pump recirculation, tank pressurant, and other miscellaneous
flows.,
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V, E, Combustion Gas Conditioning Requirements for Turbopump (cont.)

5. Shaft Horsepower Requirement, SHP, hp

SHP = égﬁ—;—ﬂ— where is the pump efficiency
550 «»np p

6. Turbine flow rate requirement, Ve urb? 1b/sec
. SHP * -
w b = = i 250 where C is the average specific
turdb G (T, = T,) * 778 * P, 3-4
py3-4 73 4 T

heat of the combustion gas from the turbine inlet to exit, and %?T is the turbine

efficiency.

7. Percent of Total Weight Flow Required for the Fuel Turbopump,
P, %

w .
Pl = —2Ebine . 1o

F Ytotal

Percentage of total weight flow required to drive both the oxygen and
hydrogen turbines were determined from the above relationships over a wide range of
typical operating conditions. The turbopump operating parameters were selected to

cover a range associated with advanced oxygen/hydrogen engines. Input quantities were

as follows:

Level 1 Level 2 Level 3
T3 (9R) 1600, 2000, 2400 1600, 2000, 2400 1600, 2000, 2400
??p 0.790 0.740 0.680
7?T 0.888 0.811 0.735
??P??T 0.70 0.60 0.50

Calculations were performed for each level at each of the following chamber pressures:

P, = 100, 200, 500, 1000, 1500, 2000, 2500 psia
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V, E, Combustion Gas Conditioning Requirements for Turbopump (cont.)

The pump outlet pressure was assumed to be 507 greater than the chamber pressure, and
the turbine inlet to outlet pressure ratio was assumed to be twenty to one. These
values are representative of systems operating at conditions similar to those being
considered. Fluid densities were determined from a computerized table as a function
of temperature and pressure. Specific heat ratio and average specific heat for the

combustion gas across the turbine were assumed as follows:

MR = 5.0
¥ = 1.3
8 5= 0.815

Liquid temperatures at Station 1 were maintained just below saturation conditions, i.e.,

H
i

176CR
140°R

Oxygen: for Py >» 50 psia,

H
Il

P1 <€ 50 psia,

Hydrogen: for Py > 50 psia, Ty 40°R
P, & 50 psia, T, 30°R

i

]

A listing of the computer program used to obtain the turbopump flow
requirements together with the output from which Figure 7 was derived is given in
Appendix B. Required cryogenic properties were obtained from the OXP and HYDP sub-

routines discussed in the next section.

Figure 7 is a summary of the combined oxygen and hydrogen turbine flow
requirements as a percentage of the total propellant flow over the desired throttling
range. Several trends can be observed with respect to the percentage of propellant

flow required for oxygen and hydrogen turbine operation:

(1) The percentage increases as the turbine inlet temperature is reduced;

decreasing the temperature from 2400°R to 1600°R increases the percentage by about 50%.
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V, E, Combustion Gas Conditioning Requirements for Turbopump (cont.)

(2) The percentage increases as the pump-turbine efficiency product
decreases; decreasing the pump=turbine efficiency from 0.7 to 0.5 increases the

percentage by about 40%.

(3) The percentage decreases as the propellant flow is throttled; over
the P range of 25:1, the turbine flow requirement decreases to about 3% of the full

thrust value.

Figure 7 establishes an operating band for the throttling conditions,
and point selections were made from within this band to obtain the weight flow require~
ments of the hot gas channels. Operating points will primarily be a function of
turbopump size and material selection; 6% of the total flow rate was selected as a

design point for further analysis.
Fe RESULTS

1, Nickel Injector

Figures 8, 9, and 10 summarize the results of the tapoff cycle heat
transfer analysis., Full thrust operating conditions were investigated first because
(1) they represented the '"worst case''--highest propellant flow rates and heat
transfer requirements--and (2) computer program modifications were required to handle

the two-phase flow calculations necessary for representing the throttling conditions.

Figure 8 is a plot of hot combustion gas outlet (turbine inlet)
temperature as a function of chamber pressure and throttling ratio for two injector
(channel) lengths and 6% hot bleed gas flow rate. The primary consideration here
is that the hot bleed gas has sufficient energy--after giving up heat to the cryogenic
propellant«-to operate the turbopumps. The results show that the hot gas exit tempera-

ture is strongly affected by heat exchanger channel length and hot gas flow rate.
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V, F, Results (cont.)

The minimum acceptable channel length appears to be on the order of 0.3 in. without
exceeding structural limitations. The percentage of hot gas tapped from the combus-
tion chamber was assumed to remain constant during throttling because the heat

exchanger channel geometry was fixed. At the lower throttling conditions, the hot

gas exit temperature drops. This, however, is not a problem because the hot bleed
gas volume (percentage of combustion gas flow rate) is considerably higher than
theoretically required (Figure 7), thus the total volume supplied to the turbine at

throttled conditions is more than adequate.

Figure 9 is a plot showing the effect of throttling on injector face
temperature at its hottest point. This location is at node 66 of Figure 5, which is
the oxidizer side of the hot gas channel at the injector face. The trends are similar
to those of the hot gas outlet temperature. Injector face temperature decreases with
throttling--on the order of 700°R over the entire range. It is weak function of
injector length, decreasing about 200°R for a 50% reduction in length. It is a
strong function of hot gas flow rate; reducing the hot gas flow rate from 10 to 6%
reduces the face temperature by about 1000°R. This is within 100°R of the assumed
maximum of 2460°R. (The melting point of nickel is about 311Q°R.)

Figure 9 indicates that the maximum injector face temperature will vary
between 2590°R and 1780°R as the chamber is throttled, assuming a 6% hot gas flow
rate and heat exchanger channel length of 0.3 in. Considering the maximum heat flux,
the lowest face temperature occurs at node 22 of Figure 5, immediately adjacent to
the fuel channel where the temperature is 413°R. The heat transfer coefficient at
the injector face was calculated to be 0.00140 Btu/inazssec-oRs Using a recovery

temperature of 5487°R, the maximum heat flux is approximately 7.1 Btu/in.zmsece

Figure 10shows the effect of number of channels on wall and fluid
temperatures at key locations. Results presented are for a 6% hot gas flow rate,
0.3=in. heat exchanger channel length, and full thrust conditions. This channel
length selection results from noting trends on Figures 8 and 9. Figure 8 indicates
that, the longer the channel length, the hotter the injector face temperature becomes,

which is slightly above the maximum allowable at 0.3 in. With respect to hot gas
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V, F, Results (cont.)

flow rate, both the injector face temperature and the turbine inlet temperature
increase with increasing hot gas flow. Hence, the minimum acceptable hot gas flow
rate of 6% was selected, which, after looking at Figure 7, is sufficient to supply

the required enthalpy at the full thrust condition with no margin of safety.

Figure 10 indicates that the minimum number of channels is approximately
2900, corresponding to an injector face area of 26.2 in.z, Since the key tempera-
tures decrease significantly with an increase in the number of channels, providing
more than 2900 channels would result in a greater margin of safety with respect to
operating temperatures. It can be noted that the propellant outlet temperatures
increase only slightly with number of channels. Throttling to lower chamber pressures
results in lower temperatures, as shown on Figures 8 and 9; hence, Figure 10 represents

the most severe conditions.

Pressure drop (AP) calculations were made only to assure that channel
geometries selected would provide reasonable AP's. No attempt was made to optimize
with respect to AP. Entrance losses were assumed; momentum and frictional AP's were
calculated for each case by the subroutine provided. For the full thrust, 6% hot

gas flow case, AP's were as follows:

AP fuel channel = 276 psi
AP oxidizer channel = 1013 psi
AP hot gas channel = 0.03 psi

(Fuel and oxidizer internal channel size is 0.005 x 0.050 in.; hot gas channel size

is 0.050 x 0.050 in.)

It is concluded that the hot gas tapoff cycle injector concept is feasible
and can operate successfully over the full throttling range specified. However,
certain practical considerations, such as the extremely short channel length (0.3 in.),

may tend to diminish the desirability of employing this concept.
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V, F, Results (cont.)

2. Copper Injector

A single computer run was made in which copper was substituted for
nickel as the raw material. Considering the two most critical parameters, maximum
injector face temperature and maximum bleed gas temperature at the turbine inlet,

the comparison shows:

Parameter Nickel Copper

Maximum injector face 2550 1440
temperature, R

Maximum gas temperature 2780 2160
at turbine, °R

Thus, from an analytical standpoint, copper is significantly superior to nickel for

this application.

Figure 11 shows the temperatures calculated at each of the various
injector face nodes for both nickel and copper. While no platelet injectors have
been fabricated from copper, there is nothing immediately apparent that would prevent
its use. Certainly, the tapoff cycle, using a copper platelet injector, is feasible

within the limitations of this analysis.
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VI. ANNULAR INJECTOR DESIGN

The fundamental approach to the design of a throttlable annular injector for
Phase III was the same as that employed during Phase I and Phase II; that is, to
design the injector to vaporize the oxidizer prior to injection into the chamber.
Warm hydrogen and liquid oxygen are supplied to the injector. As the propellants
flow through the injector, there is sufficient interpropellant heat transfer to com=
pletely vaporize the liquid oxygen. This gives the oxygen circuit a flow - pressure
drop relationship completely different from that of a conventional liquid system.
With a conventional liquid system, the pressure drop is proportional to the square
of the flow rate so that the feed system hardness--as indicated by the ratio
l&Pinj/PCwndecreases as the flow rate is throttled down. However, by vaporizing the
oxygen, this circuit takes on gaseous feed system behavior, which maintains the
APinj/PC ratio nearly constant over a wide throttling range. This is important in
the design of a throttling injector since it indicates adequate feed system stiffness
can be maintained at low thrust without the necessity of using excessive injector

pressure drops at full thrust.

The Phase ITII nickel injector design was originally to incorporate results of
the Phase II injectors' cold flow heat exchanger testing and gaseous testing and
would have been completed early in the program. However, after the heat exchanger
results pointed out the injector heat exchanger section to be less effective than
originally calculated, the Phase III injector design was suspended while five concept
variation heat exchangers were fabricated, tested, and the results evaluated. After
completion of the sample heat exchanger testing, design work on the injector was
again initiated, incorporating the best heat exchanger design into the Phase III
nickel injector. The computer program to estimate heat transfer and pressure drop

was modified to include the heat exchanger results and is presented in Appendix C.
Injector modifications between the Phase II and Phase III designs were held

to a minimum, consistent with available data from the cold flow work. The face

dimensions and baffling technique were unchanged. The method of manifolding was
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VI, Annular Injector Design (cont.)

changed to improve the observed unevenness of the heat exchange. In the Phase II
design, the platelets were stacked in the direction of the minimum height (1.77 in.)
of the injector face to achieve a minimum platelet stack height. However, this
resulted in a wider platelet and, consequently, more unevenness in the heat exchange
because the fuel has a longer distance to go from the manifolds on each side to the
center of the platelet. For the Phase III design, the platelets were stacked in the
opposite direction, which resulted in a higher stack height (3.46 in.) but a much
narrower platelet. This allowed the platelets to be fed alternately from the fuel
manifolds located on each side of the platelets and resulted in a more uniform heat
exchange. The heat exchanger design changed substantially as dictated by the data
from the cold flow tests reported in Section X,A. Injection velocities were based
on the gaseous test series as reported in Section X,C. A major change was made to
improve face cooling capability. This change was the substitution of Nickel 200 for
stainless steel for injector fabrication. This improved face cooling characteristics

because of the superior thermal conductivity of nickel.

The heat exchanger design selected consisted of several large channels with
numerous turbulator buttons extending from one side of the channel to the other.
This modification was necessary to force the liquid droplets into contact with the
hot wall. In the previous Phase II design, a vapor barrier was formed which prevented
the continuation of boiling at the exchanger wall, thereby greatly reducing the heat
transfer coefficient prior to complete vaporization of the liquid. The turbulators
effectively destroyed this vapor boundary and, in addition, increased the available

heat transfer area.
The nickel injector platelet stack consisted of four types of Nickel 200

platelets (fuel separator, oxidizer separator, fuel metering, and oxidizer metering)

which are stacked as shown in Figure 12.
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VI, Annular Injector Design (cont.)

The fuel platelet was 0.008 in. thick and contained 0.004 in. depth-etched
plenums, heat exchanger and injection sections. The fuel and oxidizer manifolds
and metering passage of the fuel platelet are through-etched. Two fuel manifolds
are provided: one at the right and one at the left of the platelets. These alter-
nately direct fuel from the right to the left and from the left to the right through
the triangular-shaped plenum sections of the manifold. This alternating pattern
minimizes differential heat transfer to the oxidizer. The fuel platelet heat
exchanger section and injection sections are both 0.050 in. wide. The pressure drop

portion of the fuel platelet is 0.040 in. wide.

The fuel separator platelet is 0.020 in. thick and is depth-etched 0.012 in.
in the plenum section, heat exchanger section, and injection section to match the

fuel metering platelet. This results in a groove depth of 0.016 in. in these sections.

Liquid oxidizer enters the oxidizer metering platelet and oxidizer separator
platelet from the manifold at the top and passes straight downward through the heat
exchanger section where the oxidizer is gasified. From the heat exchanger section,
the oxidizer passes into the pressure drop section, then the injection section, and

then is injected axially.

The oxidizer metering platelet was 0.006 in. thick and had through-etched
fuel manifolds, oxidizer manifolds, and metering passages. The heat exchanger section
and injection section are depth-etched 0.004 in. Groove width in the heat exchanger
section was 0.284 in. with an alternating four-row button pattern in the channel.

Groove width in the metering passages and injection section was a constant 0.042 in.

The oxidizer separator platelet was 0.020 in. thick and was depth-etched
0.012 in. in the heat exchanger section and injection section. Groove widths and
the button pattern match the oxidizer metering platelet. Total groove depth was
0.016 in. in the heat exchanger and injection sections. The injector face orifice

details are shown in Figure 13.
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VI, Annular Injector Design (cont.)

The platelets are assembled as shown in Figure 12 with the following design

details resulting:

Oxidizer Fuel
No. of platelets 62 63
Depth of plenum, in. - 0.016
Depth of heat exchanger passage, in. 0.016 0.016
Width of heat exchanger passage, in. 0.284 0.050
Depth of pressure drop passage, in. 0.006 0.008
Width of pressure drop passage, in. 0,042 0.040
Depth of injection passage, in. 0.016 0.016
Width of injection passage, in. 0.042 0.050
No. of orifices 1240 1386
Pattern index (distance between fuel 0.011 avg

and oxidizer orifices), in.
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VII. HEAT EXCHANGER SAMPLES DESIGN

The results of the heat exchanger evaluation with the Phase II injectors,
discussed in Section X,A,1, showed that the liquid oxygen was not being completely
vaporized and work was therefore initiated to examine alternate heat exchanger
designs. The heat exchanger designs were evaluated in the same manner as the
Phase II injectors--by flowing gaseous hydrogen in its own circuit and then substi«
tuting liquid nitrogen for the liquid oxygen in its circuit. In this manner, the
most efficient heat exchanger configuration was determined by visual observation.
There were five different designs, four new configurations and one configuration
similar to the Phase II injectors and preliminary injector design for Phase III.

Figure 14 shows the design configurations.

Each sample consisted of twenty=-four 20-mil-thick platelets (12 fuel and
12 oxidizer), thus making a stack approximately 0.50 in. thick. The platelet con-
tained only the heat exchanger portion of a regular injector platelet to minimize
the size and cost of the samples. Each platelet contained 20 channels, which was
similar to the preliminary Phase III design. All platelets, except Type II of
Figure 14, were depth-~etched halfway through to form the flow passage. Type II was
depth-etched 5 mil on each side, which butted together to form the 10-mil-deep
passage. Type I of Figure 14 shows the design configuration similar to the Phase II
injectors. This configuration had straight through channels and was used as a
standard for comparison purposes. The four remaining configurations were designed to
generate mixing of the core of liquid and break up the vapor film along the heated
wall while still maintaining a low level of pressure drop. This was done by putting
obstructions (buttons) in the oxidizer channel only. Four designs were deemed
necessary to fully investigate tradeoffs between minimum pressure drop, minimum heat

exchanger length, and maximum mixing.

Type II of Figure 14 had 2.5-mil bars approximately 0.30«in. apart and alter-
nately on one side of the channel and then the opposite side. To fabricate this

design, it was necessary to depth-etch each platelet on both sides.
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VII, Heat Exchanger Samples Design (cont.)

Type III and IV of Figure 14 were very similar in design. The only difference
was in the height of the button in the channels. Type III had 10-mil full height
(across the channel) buttons which Type IV had buttons that were half as high--5 mil.
The buttons were spaced such that the fluid did not have a straight path down the
channel but instead had to move back and forth on its route from the manifold to the

face.

The last configuration, Type V, had seven large channels instead of 20
smaller channels. In place of where the land between the channels would normally
be, buttons were substituted to increase the heat transfer area. Again, the buttons
were spaced such that the fluid had to move back and forth on its route to the

injector face.

The manifold feed system for each configuration was the same in all cases.
Liquid oxidizer (simulated by liquid nitrogen) entered the heat exchanger portion of
the platelet from one manifold at the top. Fuel (gaseous hydrogen) entered from two
separate manifolds located on the right and left sides of the platelet. These alter-
nately direct fuel from the right to the left and from the left to the right through
the triangular-shaped manifolds. This alternating pattern minimized differential

heat transfer to the oxidizer.

Stainless steel was used for platelet fabrication rather than the nickel
proposed for the actual Phase III injector. This substitution was made because
nickel sheet stock was in short supply. The substitution had an insignificant
influence on test results for two reasons. First, the metal thermal resistance was
not a major resistance in the heat exchanger; and second, the test data were evaluated
primarily by comparison of the new patterns with each other and against the Phase II

control pattern.
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VIII. WATER-COOLED CHAMBER DESIGN

To overcome duration deficiencies discovered in the original chamber design
during Phase II testing, it was determined that the Phase II chamber should be
water cooled, have a single contour, and be capable of operating at pressures up to
2500 psia. The water cooling permitted long duration firings necessary to gather
more reliable performance data. The simplified chamber contour improved the relia-

bility of the performance data over the Phase II testing data.

The chamber was designed to be capable of operating at a mixture ratio of 5:1
over a range of chamber pressures from 75 to 2500 psia. GCooling was achieved by
water making a single pass (from injector to nozzle exit) through small coolant
channels of 0.055 in. height and 0.050 in. width, spaced 0.050 in. from each other
(see Figure 15). The wall thickness from the hot gas side to the coolant side was
nominally 0.030 in. The chamber material was oxygen-free copper. Two chamber gas-side
configurations were investigated: a noncoated gas-side surface and a 0.002-in.-thick
hafnia gas~-side surface coating. At the maximum intended chamber pressure of 2500 psia,
the predicted heat flux in the throat region was 97Btu/in.2nsec for the noncoated

configuration and only 30 Btu/ingz—sec for the 0.002-in. hafnia~coated chamber.

The combustion chamber was a two-dimensional copper/stainless steel assembly.
The chamber had a contraction ratio of 4.8:1 and a 2:1 expansion ratio nozzle. The
unit was capable of operation up to 2500 psia chamber pressure as confirmed by a
stress analysis of the design. The basic coolant channel configuration consisted of
seventeen channels on each of the two chamber contour walls and thirty-six channels

on each side of the two chamber flat walls.

The housing was machined from stainless steel and incorporates four inlet and
four outlet manifolds, distribution manifolds, and provides the sealing surface for
the O-rings on the copper liner. It also incorporated injector-chamber interface and
seal surface on the forward end and attachment interface for the nozzle extension on the

aft end. Figures 16 and 17 show the assembly details.
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VIII, Water-Gooled Chamber Design (cont.)

An uncooled copper insert of the same configuration as the cooled chamber
configuration was designed to fit the Phase II housing. This chamber was used for
the checkout tests with the Phase III nickel injector. It permitted valve sequencing
and manifold fill time checkout testing without risking the more expensive cooled

chamber. The uncooled chamber was also used for the GHZ/GO2 hot firing testing.
A, HYDRAULIC ANALYSIS

The various thermal and hydrodynamic characteristics of the water-cooled
copper chamber were obtained from the "HEAT"(l) computér program. This program is
used for the analysis of regenerative cooling. The temperature and pressure, as well
as transport properties, Mach number, etc., of the coolant are determined at each
station along the contour by a "marching' calculation that proceeds in the direction
of the coolant flow. A variety of coolant passage geometries may be treated. The
heat flux and wall temperature are also calculated at each station; two-dimensional
enhancement of heat conduction in channel walls is accounted for by means of a fin-
type equation. There are a number of analytic options for calculation of the coolant
boiling and nonboiling heat transfer coefficients, as well as the gas-side heat trans-

fer coefficients. These options, especially those for the coolant, allow the best

choice to be made for the actual fluids under consideration.

A hydraulic analysis of the water-cooled copper chamber was also
performed to obtain estimates of the entrance and exit losses due to turns, entrance
effects, and sudden expansions. This was necessary since the "HEAT" program can
only treat the pressure losses occurring within the coolant channel. Figures 18

through 28 are a summary of the hydraulic results.

Figure 18 shows the predicted overall pressure drop from coolant source
to coolant discharge, as a function of the coolant flow rate through a single chamber
side wall. Differentiation is made between the contour sides with 17 coolant channels
each, and the flat sides with 36 coolant channels each. An average roughness of 39
(39 x 10"36 in.) was used in the chanmnel friction pressure drop equations, since this

was the average of some measurements taken from channels in a test chamber wall.

(1) Hester, J. N., Chan, J., Thermocal -~ Phase I, Aerojet~General Corp., Report
No. 9600:M014, September 1969.
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VIII, A, Hydraulic Analysis (cont.)

A total of three measurements were taken per chamber side wall, in three different
channels, and at three different axial locations. These measurements were taken at
the channel bottom only. There was a factor of 4 variation in measured roughness

from channel to channel.

Figure 19 relates the coolant flow rate as a function of pressure drop
for a contour side, from the coolant supply to three different locations. These
locations are in the coolant channel at the injector end, at the throat section, and
at the coolant discharge tube downstream of the chamber and its exit manifolding.
Figure 20 relates the same parameters as does Figure 19, but for the flat side.

These curves are used when it is desired to obtain a specific coolant pressure within
the channels at a certain location. An example of this would be the determination
of the supply pressure required to obtain a coolant pressure at the throat section
equal to that of the contained free-stream gas pressure. The following is a table

of throat section free-stream pressures as a function of chamber pressure:

PC (psia) Pthroat (psia)

2500 1411
2000 1229

1500 846

1000 565

500 282

200 113

100 56.5

B, THERMAL ANALYSIS

The governing assumptions of the thermal analysis were:

1. Use of 100% c* combustion efficiency for determining recovery
temperatures.
2. Use of a factor of two times the nominally calculated gas~side heat

transfer coefficient at the injector end and linearly varying with axial length to a
factor of one at the throat section, and remaining at one throughout the expansion

region.
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B, Thermal Analysis (cont.)

3. Hines correlation used in "HEAT" program for nonboiling coolant

heat transfer coefficient.

where

equal

where

Tall "3

& hf,boiling = hf (Tsat )

1 .. .2
nonboiling heat transfer coefficient, Btu/in. =sec=OF

"

T = coolant side wall temperature, °R
wall
sat = local coolant saturation temperature, ©R
5. Coolant pressure schedule chosen such that the coolant pressure

s the gas pressure at the throat section.

6. ¢BO=5.1+0-86—I66-0-

¢BO = the burnout heat flux

VL = the local velocity, ft/sec
AT = Twall - Tsat

7. The thermal conductivity used for the hafnia coating was

1.85 x 10“5 Btu/in.-sec=°F,

C. NONCOATED CHAMBER

Figure 21 is a summary of the coolant flow requirements as a function of

chamber pressure and families of throat section RBO° RBO is defined as the ratio of

predi

cted operating heat flux to the predicted burnout heat flux. The maximum recom-

mended operational R value was 0.75.

BO

(1)

"Heat Transfer Characteristics of 98% H»0p at High Pressure and High Velocity,"
Technical Report AFRPL-TR-66-263, AGC Report 10785-SR~1, August 1966,
D. C. Rousar and N. E. Van Huff,
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VIII, C, Noncoated Chamber (cont.)

Figure 22 shows the throat section RBO as a function of coolant flow
rate and families of chamber pressures. The coolant flow rates shown on both
Figures 21 and 22 are for a single chamber side wall. The total chamber coolant flow
requirement would then be twice the sum of the indicated flow for a flat and a con-

tour chamber wall.

Figure 23 shows the throat section gas-side wall temperature as a

function of R and families of chamber pressure. The abrupt change in the tempera-

BO

ture profile for all chamber pressures in the R range of 0.6 to 0.7 is indicative

BO
of the change from nonboiling to nucleate boiling at the coolant wall surface.

Figure 24 shows the throat section gas-side wall temperatures as a
function of chamber pressure and families of RBO'

D. COATED CHAMBER

Figure 25 is a summary of the coolant flow requirements as a function

of chamber pressure and families of throat section R The slight saddle in the

BO”
curves from a chamber pressure of 1500 to 2500 psia is a function of the coolant

properties corresponding to a coolant pressure of 850 to 1400 psia. If a comparison
of required coolant flow is made between the coated and noncoated cases (Figures 21
and 25) for a RBO

3-1/3 times the coolant flow of the chamber with a 0.002-in. hafnia coating.

level of 0.6 at a P, of 2500 psia, the noncoated chamber requires

Figure 26 shows the throat section Rpp as a function of coolant flow rate

and families of chamber pressures. Again, the coolant flow rates given on Figures 25
and 26 are for a single wall section. Figures 25 and 26 also show that, for a given

operation R,, level in the range of chamber pressures from 1000 psia to 2500 psia,

BO
the coolant flow rate is virtually constant for the coated chambers.
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VIII, D, Coated Ghamber (cont.)

Figure 27 shows both the throat section coating gas-side wall tempera-

tures and the coating/copper wall interface temperatures as a function of RBO°

Figure 28 is a restatement of the information shown in Figure 26,
giving the throat section coating, gas-side wall temperatures, and the coating/
copper wall interface temperatures as a function of chamber pressure and families

of RB0°
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IX. FABRICATION

A, INJECTOR ASSEMBLY

Two injectors made out of Nickel 200 material were fabricated during
this phase of the program. The following is a discussion of the fabrication proce-

dure used on each injector.

An order for the Nickel 200 sheet stock material for the platelet was
placed early in Phase III of the program. The thicknesses were based on the pre-
liminary design. The need for placing the order early was due to an International
Nickel plant strike which had been on for three months and which resulted in limiting
the available thicknesses to then current stockpiles, which were being reduced
rapidly. The heat exchanger design investigation which followed placing the order
was, at the time, not thought to greatly affect the platelet thickness. However, the
heat exchanger investigation did modify the design and made the design of the injec=
tor platelets somewhat more complicated in the form of depth~etched separators and

metering platelets to get the proper orifice size.

1, Sample Assembly Stack No. 1

Prior to committing the SN 1 injector to its first braze cycle, a
sample assembly stack was made. The purpose of the sample platelet assembly was to
verify the validity and suitability of the selected plating, assembly, and bonding
procedures. The first task in fabricating the sample stack was the plating of braze
alloy on alternate platelets. The plating technique used was the Kanigen process
for electroless nickel plating. This is a process whereby the part to be plated is
submerged in the plating solution for a specific period of time which is dependent on
the plating thickness desired. Plating of the metering platelets proved unsuccessful
in that the platelets were too flimsy to withstand the plating procedures without
damage. The separator platelets were therefore plated in sufficient quantity to
complete a sample assembly stack and one complete injector plus spares to permit

destructive testing for determination of the plating thickness and uniformity.

Page 31



Report 21052-3F

IX, A, Injector Assembly (cont.)

The platelets were assembled by alternatively stacking separator
and metering platelets on nickel guide pins which assure proper alignment. Twentye
five platelets were used in the sample stack. The assembly was then bonded in a
dry hydrogen atmosphere. Thermocouples were placed at various locations on the
sample and limits on the furnace cycle were established such that a maximum tempera=-

ture variation of 50°F between the high and low reading thermocouple was permitted.

The sample stack was tested for leakage using gaseous nitrogen.
No leakage was detected. The sample was then sectioned at several locations so that
any channel plugging from deformation or excess braze alloy could be observed. No
deformation or plugging could be detected. The procedure and braze alloy thick-
nesses were therefore considered acceptable and the assembly of the SN 1 injector

was initiated.

2. Injector Assembly SN 1

The first injector platelet assembly was accomplished using the
same procedures used for the sample stack using the identical furnace cycle and
loading. The complete injector contains 264 platelets. Pressure testing of the
platelet stack subassembly following brazing revealed external leakage, primarily
in the oxidizer manifold area, which appeared to be caused by slight separations
between platelets which, for some reason, never contacted each other. In areas where
the platelets had been in contact, the bond appeared excellent. The nature of leaks
was such that they could be effectively sealed on a subsequent braze. Assembly of

the unit was therefore continued.

The platelet assembly was machined flat using the technique
developed in Phase II of this program and a second braze cycle was conducted to attach
the end plates. The end plates also contain the fuel and oxidizer manifolding which

permits a more quantitative leak test. During the second braze, the external leak
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IX, A, Injector Assembly (cont.)

areas were covered with braze alloy. Leak testing of the assembly following the
second braze cycle revealed almost total success in sealing the external leakage.
Only one minor external leak still existed. A slight intermanifold leak was observed
when the gaseous nitrogen pressure was increased to 120 psi. This leak was not
detectable at 30 psi. It was concluded that the injector assembly should continue

since the intermanifold leak was slight.

The injector subassembly was machined to accept the flange and a
third braze cycle was conducted to attach the flange to the subassembly. The minor

external leak area was coated with braze alloy prior to the third cycle.

Pressure testing following the third braze cycle indicated that the
external leakage had been completely corrected; however, the intermanifold leak had
become more severe. Work was suspended on the injector at this point until the SN 2
injector was successfully fabricated. The procedure used in repairing the inter-
manifold leakage on SN 2 was the removal of the oxidizer manifold section so the
intermanifold leak could be repaired and then brazing a new manifold cover in place
as shown in Figure 29, The SN 1 injector was therefore completed in this method.

Figure 30 shows the injector.

3. Injector Sample Stack No. 2

One of the major problems encountered in the assembly of the first
injector was in assessing the quality of the electroless nickel braze alloy. The
primary difficulty lay in the fact that the braze alloy (nickel plated on nickel)
cannot be detected visually. The question arises: is the platelet actually plated?
And is it plated over the entire surface? On some of the platelets used in the
injector assembly, a variation in surface reflectivity from one area to the other
was observed which could be an indication that a portion of that platelet had not
accepted the plating. If this were the case, it could account for the leakage

experienced on the first injector. The method for overcoming this difficulty was to
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IX, A, Injector Assembly (cont.)

flash a thin coating of copper on the platelets prior to nickel plating. This
permitted ready qualitative inspection of the platelets after nickel plating since,

anywhere copper shows, the platelet has clearly not been nickel plated.

A sample assembly using this technique was fabricated to verify
that there were no unanticipated metallurgical peculiarities that would influence
the bond. The separator platelets were flashed with a maximum of 0.0000l-in.-thick
copper and delivered to the plater for nickel plating. The platelets were visually
inspected following nickel plating. The quality appeared better than those plated
using the virgin nickel platelets. Figure 31 is a metallurgical photograph showing
the uniform thickness of the plating and the copper flash. The sample, consisting
of 11 platelets stacked in an identical sequence to that used in the injector, was
then sectioned to check for braze alloy plugging. No plugging was observed. Samples
were then prepared for metallurgical examination of the bond quality. Figure 32
shows the excellent bond quality between the platelets. This plating technique was

therefore selected for use in fabricating injector SN 2.

4. Injector Assembly SN 2

A thermal analysis of the furnace cycle used to bond the SN 1
platelet assembly was performed prior to attempting the SN 2 platelet assembly braze.
It was postulated that perhaps the furnace heat cycle (3.5 to 4 hr from room tem~
perature to braze) was too rapid, thus resulting in large thermal gradients or

inadequate center temperatures causing poor brazing quality.

A simplified analysis was run on the braze assembly. The following

assumptions were used:

(1) Thermal radiation was neglected.

(2) Free convection from the Hgp is the only mode of
heat transfer to the part.
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IX, A, Injector Assembly (cont.)

(3) The boundary temperature (i.e., the hydrogen
temperature) is constant.

(4) Thermal properties of the part are constant.

(5) The part is homogeneous (i.e., voids due to
etching were neglected).

The results of this analysis indicated maximum thermal gradients of approximately
18°F/in., which does not appear excessive. However, the void spaces due to etching
will lower the effective thermal conductivity and uneven heating due to part con-
figuration could cause substantially higher thermal gradients within the part. The
furnace heating cycle was therefore extended to eight hours. In addition, the
furnace was cooled prior to placing over the retort to eliminate high initial

temperature gradients.

Pressure testing of the platelet assembly after bonding revealed
leakage substantially identical to that previously observed in SN 1 injector. The
leakage was both external and intermanifold and was concentrated in the top (oxidizer
manifold) area. It appeared that the platelets had not contacted in spots. It was
conjectured that the dead weight loading used was not sufficient to force the plate-
lets into complete contact. Two hundred fifty pounds of weight was used, which was
the maximum available. This amounts to 8 psi loading because of the large platelet
size. This loading is somewhat less than is ordinarily used for bonding platelet

injectors.

The platelet assembly was recycled through the ALRC diffusion
bonding furnace. This furnace is capable of applying a much higher load. The
furnace employs an externally loaded ram in lieu of the dead weight system. Twenty-
four hundred eighty pounds of load was applied to the part during this recycle.

Subsequent pressure testing indicated no change in the leakage characteristics
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IX, A; Injector Assembly (cont.)

The platelet assembly was then machined as shown in Figure 29 to
remove the oxidizer manifold section and permit access to the platelets for repair
of the intermanifold leak. Pressurizing the fuel manifold with the oxidizer
platelet passages exposed revealed a small leak which was repaired by a subsequent
braze cycle. A new monolithic oxidizer manifold was constructed from nickel and
bonded in place as shown in Figure 29. Pressure checking following these repair
procedures revealed a leak-free unit. Fabrication of the assembly was then completed
by machining the injector face into the transverse baffle configuration selected from

Phase II testing.
B. WATER~COOLED CHAMBER

Three water-cooled copper inserts and two stainless steel housings were
fabricated. Two complete chambers (copper insert and stainless steel housing)
were originally to be fabricated. However, with the advent of an OFHC material
problem, a third insert was fabricated as a backup. All three copper inserts were

used during the test program.

Sample experiments were conducted prior to the first brazing cycle of
the water-cooled chamber. The experiments were to verify the acceptable braze
filler metal thicknesses for a satisfactory bond at the interface of the chamber
liner gas~side cover plate and chamber liner passage plate without flooding of the
water passage with braze alloy. Based on the sample experiment, it was determined
that a braze filler metal thickness ranging from 0.001 to 0.003 in. would provide

good bonding without f£looding the passages.

Upon completion of the SN 1 water-cooled chamber and subsequent hydro=-
testing, numerous small leaks were discovered in the copper material at the
injector-to~chamber interface; the leaks were attributed to hydrogen embrittlement

of the copper material. The chamber material purchased was certified to be OFHC
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copper, which is not subject to hydrogen embrittlement. A subsequent investigation
by Aerojet and American Brass and Copper Company (who supplied the material) estab-
lished that a large portion of the copper material was extra tough pitch copper

and not oxygen free. This would have resulted in the hydrogen embrittlement
experienced with the first chamber and its subsequent leaking through the copper

material.

To preclude using contaminated or commercial copper again, a procedure
was developed to check the OFHC copper. First, a skim cut (0.050 to 0.060 in.) was
made on all surfaces of the copper stock. This skim cut removed any contaminants
(oxides) present on the surface which could contaminate the copper further by pene-
trating the material during the hydrogen braze cycle. Second, the material was
measured and then put through a hydrogen braze cycle. If any material growth or
surface blistering had been evident, the material would be discarded. Subsequent
material showed no evidence of blistering or growth, as a small sample from each
piece of material stock was cut off, etched, and then microscopically examined for
voids. The latter is the method used by the mills to determine the quality of the

copper. This procedure ensured the quality of the OFHC copper for the SN 3 chamber.

Additional flow testing of the first chamber revealed the pressure drop
to be substantially higher than that predicted by the design calculations. At the
time of discovery of the out-of-specification copper, the SN 2 water-cooled chamber
was 60% complete. When the high pressure drops were uncovered, a decision was made
to complete the SN 2 chamber to a stage where flow testing could be conducted to
investigate the pressure drop of the chamber. A vacuum braze cycle looked promising
to circumvent the hydrogen embrittlement problem, but additional investigation with
copper brazing experts at Stanford Research Center and experiments showed that a
vacuum braze cycle with contaminated copper would result in a worse part than if a
hydrogen braze cycle was used. Thus, the SN 2 chamber was brazed in hydrogen

similarly to the first chamber.
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Flow testing results with the SN 2 chamber were essentially the same as
for the SN 1 chamber-~substantially higher than the design predicted. The injector
end of the one flat side of the chamber was then machined off so the channel could
be visually observed, and the channels were found to be partially plugged with
Stop-0ff. Stop-0ff is a material designed for furnace use and acts as a barrier to
molten brazing filler metals by preventing capillary action. Stop~Off was used in
the channels during the first braze cycle to preclude any braze alloy plugging the
channels. Normally, a 10 to 15% hydrochloric acid solution will completely remove
the Stop-0ff with no effect on the copper; however, in this case, nothing was found
which would remove the Stop~Off. The manufacturers of the Stop-Off (Wall Colmonoy
Corp.) had not experienced this problem before and could not suggest any removal

procedure other than ones already tried.

To salvage the SN 2 chamber, 0.200 in. of the injector end of the chamber
was machined off and the Stop-Off removed by rodding out the channels. A copper

piece was later brazed in place to form the injector end closure.

The rework of the SN 1 chamber involved machining off 0.200 in. from
both the injector and nozzle end of the chamber to allow access to the coolant
channels. This chamber was originally brazed with 0.003 in. foil and the primary
cause of pluggage was discovered to be brazing alloy and not Stop-Off as was the case
in the SN 2 water-cooled chamber. With both ends off the chamber, all channels could
be opened up. A copper piece was then brazed in place on each end to form the end
closures for the channels. Flow testing showed the chamber to have a slightly higher
pressure drop than calculated due to some remaining alloy in the chanmels but

leaktight otherwise.

The SN 3 chamber, made with copper verified to be OFHC, was successfully
completed with no rework required. It was brazed with 0.002 in. foil and using a
different type Stop-Off which was easily removed from the channels. Flow testing
showed the chamber to be leaktight and the pressure drop to be close to the predicted

pressure drop as shown in Figure 18.
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In addition to the water-cooled chambers, one uncooled chamber was
fabricated. The uncooled chamber consisted of a copper insert with the same internal
configuration as the cooled chamber and was designed to use the Phase II stainless

steel housing.
Cs NOZZLE EXTENSION

For testing above the 500 psia PC level, a nozzle extension was designed.
The extension provided a sharp edge to prevent attachment of gases to the back of
the water=-cooled chamber at the higher pressure tests. The extension increased the
exit ratio from 2.07:1 to 3.70:1. It consisted of an outside steel housing with

phenolic inserts which were replaceable. Figure 33 shows the nozzle extension.
D, HEAT EXCHANGER SAMPLES

Each sample consisted of twelve oxidizer platelets and twelve fuel
platelets assembled alternately on top of one another. One end plate had fittings
for flowing the LN, and GH,. The other end plate was a blank. The platelet stack
and end plates were brazed at the same time. All units were leak tight. Five

samples were fabricated and machined to the configuration as shown in Figure 34.
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A, HEAT EXCHANGER EVALUATION

1, Phase IT Injector Heat Exchanger

An investigation of the Phase II injector heat exchanger performance
was conducted by flowing liquid nitrogen through the liquid oxidizer circuit and then
flowing gaseous hydrogen through the fuel circuit in increasing quantities until the
liquid nitrogen was demonstrated to be completely vaporized by visual and photo-
graphic observation. The purpose of this investigation'was to determine whether

improvements in the heat exchanger design were needed.

A thermal analysis was conducted in order to determine conditions
for the liquid nitrogen/gaseous hydrogen flow tests of the Phase II injector heat
exchanger. Since local channel temperature measurements were difficult to make,
it was determined that the method of verification of the heat exchanger performance
should be visual confirmation by photographing the exit quality of the nitrogen
after it passed through the injector. By maintaining a fixed liquid nitrogen flow
through the injector and varying the amount of gaseous hydrogen at the injector
inlet, it was possible to qualitatively determine the nitrogen quality as a function

of mixture ratio and to note the uniformity of quality across the injector face.

The objective of the analytical effort was to determine inlet flow
rates, temperatures, and pressures which yield the desired nitrogen qualities. The
observations made were subjective, since it was difficult to estimate quality levels
in the two-phase region. The model used to make the nitrogen quality prediction was
essentially the same as that used to predict injector conditions in the Phase II

work.
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Two equivalent thrust levels were selected for evaluation for both
the fine- and coarse-pattern injectors. One thrust level selected was 12% of rated
thrust (PC = 200 psia) and the other thrust level selected was 3% of rated thrust
(PC = 50 psia). The lower thrust levels were picked because it was necessary to
stay well below the critical pressure of nitrogen (492 psia) or the nitrogen

quality becomes meaningless.,

The equivalent N, weight flow for pressure drop simulation was cal-
culated by multiplying the oxygen flow rate at the thrust level tested by the ratio
of the square roots of the specific gravity of liquid nitrogen at 150°R and liquid

oxygen at 200°R.

Orifice sizing required to maintain chamber pressure simulation was
determined by calculating the mean temperature of the nitrogen-hydrogen mixture
flowing out of the injector and then using this, together with the desired flow rate,
pressure, and chamber diameter, a flow Mach number was calculated. The Mach number

was used to calculate the required throat area.

Two difficulties became apparent during the initial checkout tests
of the setup. First, the view was obstructed by the formation of frost on the
outer surface of the transparent acrylic chamber. Second, the acrylic chamber tube
contracted when LN, was introduced, resulting in a leak between the transparent
chamber and the injector. This leakage also obscured visual observation and pre-
vented attaining the desired chamber pressures. Partial correction was achieved by
spring loading the studs affecting the chamber seal. The hardware was further
modified to improve the sealing surfaces, and another concentric transparent jacket
was added around the original transparent chamber. This formed an annulus which was
purged with GN, during testing to prevent accumulation of frost. Figure 35
illustrates the modified fixture with the baffled fine~pattern Phase II injector
in place and Figure 36 shows the coarse-pattern Phase II injector set up on the

stand with the fixture in place ready for testing.
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The cold flow tests were run at a maximum equivalent thrust of
127 of the rated thrust, limited by the lower critical pressure of nitrogen and
by the strength of the acrylic tube chamber material. Liquid nitrogen at approxi=
mately 160°R and gaseous hydrogen at approximately 550°R were injected using both

the double baffled fine-pattern injector and the flat-face coarse-pattern injector.

Initially, high speed motion pictures were taken, but these were
generally unsatisfactory due to inadequate lighting. All movies were taken using
the double-baffle fine-pattern injector. At the time when the flat-face coarse=
pattern injector was being set up for flow testing, a change was made to permit

still type photographic coverage.

The test procedure ultimately developed was to run the liquid
nitrogen for approximately 30 sec in order to cool down the hardware (to minimize
heat transfer due to injector stored heat), then admit ambient temperature hydrogen
to the injector and run for approximately 15 sec until a steady quality level was
observed on the TV monitor, at which time a Polaroid still photograph was taken.
Upon verification of the desired condition being achieved by looking at the Polaroid
photograph, a permanent negative film would then be inserted into the camera and a

duplicate test run made and photographed.

Visual observation of the tests indicated two situations which are
believed to be the major cause of the performance loss experienced in Phase II.
The first was that the heat exchange was not uniform. This is attributed to nonuni-
form heat exchange surface in the injector manifold area. The second was that the
heat exchanger has insufficient surface area, This is attributed to a poor
assumption of the heat transfer coefficient in the boiling portion of the heat
exchanger. The performance loss resulting from the heat exchange inadequacy arises

because of the large mass and mixture ratio maldistribution possible.
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Figure 37 shows the test results with the flat-face coarse-pattern
injector going from liquid (A) to very few drops (D). The level at which the
computer program predicted complete vaporization was condition (B) of the figure.
The unevenness of the heat exchange can easily be seen in condition (B) of the
figure. Note the core of drops in the center of the injector, indicating the

maldistribution.

Complete vaporization of the oxidizer in the heat exchanger is
actually not vital to the concept operation in itself. A small amount of oxidizer
injected as a liquid will have an insignificant effect on performance and a substan-
tially constantA.Po/PC relationship over the throttling range can still be maintained.
The importance lies in maintaining uniform flow distribution. Slight imbalances in
heat exchange which might be caused by slight irregularities in flow or heat exchanger
surface can be amplified into major imbalances. This comes about in the following
manner: assume a given channel receives slightly more heat; the oxidizer is then
more completely vaporized in that channel, which increases the pressure drop, thus
causing less oxidizer to flow in that channel and more in a channel receiving less

heat. The cycle is repetitive until a state of balance is achieved.
Based on these results, four improved heat exchanger designs were
tested in this same apparatus and the best one was selected for incorporation into

the Phase III injector.

2. Sample Heat Exchangers

The purpose of these tests was to establish the best heat exchanger
out of four new designs. Five heat exchanger samples were actually flow tested with
one sample being similar to the Phase II design and used for a baseline comparison.
The samples were flowed with liquid nitrogen and gaseous hydrogen in the same manner

as the Phase II injectors. Figure 38 shows a sample setup for testing. A set rate
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of liquid nitrogen would be flowing through the sample and then gaseous hydrogen in

increasing quantities would be flowed until the quality desired was observed visually.

Photographs were taken at selected points so a comparison could be
made between the various designs. Figure 39 shows the comparison of the samples at
a %H = 0,025 1b/sec and %N = 0.33 1lb/sec. Three of the four new heat exchanger
designs (III, IV and V of Figure 14) proved to be better than the Phase II injector
design (I of Figure 14). The remaining design (II of Figure 14) was similar in heat
exchanger performance to the Phase IT design. Of the three configurations that were
better than the Phase II design configuration, one proved significantly better than

the other two and had considerably less pressure drop. On this basis, it was

selected for use in the Phase IIT nickel injector.
B. MASS DISTRIBUTION

1, Phase II Injectors

These tests were directed toward obtaining additional mass distrie-
bution data in an effort to explain the unexpected low performance obtained when
these injectors were tested at low chamber pressures and nominal mixture ratio. The
tests consisted of flowing water through the injector and systematically collecting
the fluid for volumetric measurement. Figure 40 shows the mass distribution test
fixture. The data were then plotted to map the injector mass and mixture ratio
distribution. Each circuit was tested individually at 4 1lb/sec HZO flow. This

provided a reasonable indicator of flow distribution for these tests.

The tests were conducted on both the baffled fine-pattern and flat-
face coarse=-pattern injectors used during the Phase II program. Data on the baffled
fine-pattern injector were inconclusive because the water adhered to the baffle wall,
thus causing an apparent low mass distribution in that vicinity and an unusually
high mass distribution at the baffle tip. This phenomenon is known as the Coanda

effect and has been observed on previous HIPERTHIN injectors.
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The results of the flow distribution for the Phase II flat-face
coarse~pattern injectors are shown in Figures 41 and 42 for the fuel and oxidizer
systems, respectively. Since the flow tests are conducted without interelement
heat transfer, the oxidizer system must be evaluated cautiously. Referring first to
the fuel (Figure 41), the water flow is depicted over the entire face of the
injector. The flow outboard of the injector face square is indicative of peripheral
spray gathered by the collector. The five rows are presented as overlays to define
the two-dimensional flow profile. The fuel system exhibits excellent flow charac-
teristics except for row A and station 1 of vow B. The flow in row A is indicative
of the front edge of the injector overlapping row A in part with the first full row
in row B. The one low point of row B at station 1 is indicative of partial plugging
or misdirected orifice elements. With the collector located 2 in. from the injector
face, any misdirection of flow will form a coalescence which will tend to distort
the flow profile in the absence of combustion. Generally speaking, this flow pro-
file is considered good and insufficient to produce significant mixture ratio

maldistribution performance losses or uneven heating of the oxidizer.

The oxidizer circuit (Figure 42), on the other hand, denotes an
undulating flow profile, particularly in rows B and E. Row D denotes excellent
flow distribution. Reviewing row A first, the effect of injector placement partially
through the row is noted. The fuel system exhibited a similar effect. Row E denotes
a very likely sign of plugging at station 5. This condition would be aggravated when
heat transfer is imposed, causing a mixture ratio maldistribution. Row C flow
characteristics indicate higher flow at station 1 with a gradual reduction to
station 7. Possible plugging of station 7 of row C is denoted by the high flow
of station 8 and the low of station 7. The variations of flow in row B most likely
results due to angled orifice sprays rather than several points of plugging. Looking
back across the rows, the flow appears fairly uniform with no major row-to~row

variations.
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In summary, it is concluded that flow distribution of the coarse-
pattern injector is considered uniform from a maldistribution performance loss point
of view. The localized plugging denoted in the oxidizer flow can produce a perfor-
mance loss but is of insufficient mass percentage to greatly affect performance.

The fuel distribution is excellent and should produce even heating of the oxidizer

and even injection of the fuel.

2. Sample Heat Exchangers

Flowing of the five sample heat exchangers on the mass distribution
flow device was conducted to check for manifold maldistribution. A change had been
made to the manifolding of the five samples in an effort to improve the evenness of
the heat exchange in the manifold area. The change consisted of alternately feeding
the fuel from the left side and then the right side instead of feeding from both
sides to the center. The results of the flow distribution for the five samples are

shown in Figures 43, 44, 45, 46, and 47 for the fuel and oxidizer of each.

No significant differences were noted in flow distribution between
the Phase II injector and the sample heat exchangers. The manifolding changes made
to the sample heat exchangers were to improve the heat exchange and therefore would
not be noticeable in a water flow test.

C. HOT FIRING

1. GH,/GO, Hot Firing of Phase II Injectors

A total of 47 tests were conducted using gaseous hydrogen and
gaseous oxygen as propellants with the double baffle fine~pattern Phase II injector.
Three tests utilized the Phase II chamber hardware and the remaining tests utilized
the Phase ITI two-dimensional uncooled chamber hardware. The tests covered the

following wide range of operating conditions:
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Chamber pressure 30, 50, 100, 200 and 500 psia
Thrust (€‘= 40:1) 60 to 1575 1bF

Mixture ratio (O/F) 1.4 to 10.2

Vacuum specific impulse 87.4 to 95.9%

efficiency

All tests were analyzed using the ICRPG Standard Performance
Evaluation Procedure to define the magnitude of the various specific impulse losses

so that the energy release loss of the injector could be determined.

The resulting performance data are tabulated in Table I, giving the
test number, its operating point, the fuel and oxidizer injection velocities,
vacuum specific impulse, and the energy release efficiency. These data have been
primarily analyzed in terms of energy release efficiency in an attempt to correlate

the data with that presented in the Phase ITI program final report.

At the completion of the Phase II program, three characteristics
were defined which tended to explain the resulting performance data. Highest per-
formance was obtained at low mixture ratios, high chamber pressure, and high velocity
ratio. It was therefore the intent of the gas/gas fine=pattern injector test program
to evaluate the performance influence of these three parameters in the absence of

the heat exchanger vaporization process of the oxidizer.

With this reference established, the results of the LNZ/GH2 heat
exchanger tests previously discussed should be noted. In these tests, sufficient
flow maldistribution was evidenced to indicate a possible overriding mixture ratio
maldistribution loss (MRD) effect on the previqusly obtained data. Therefore,

correlation of the gas/gas tests with the Phase II data is highly questionable.
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The tabulated data are presented as a function of mixture ratio
and appear in Figure 48. Symbol coding denotes chamber pressure, injector flow
condition and chamber geometry. This presentation of the data indicates a wide
data scatter with two apparent data trends. Increases in energy release efficiency
are experienced with increased mixture ratio and decreased chamber pressure. These
trends are directly opposite to that observed with the Phase II data and offer suffi-

cient data scatter to require a more dependent variable for correlation purposes.

A more desirable correlation is obtained by the data of Figure 49
(energy release efficiency vs velocity ratio). These data are considered indicative
of injector performance without the effects of incomplete oxidizer vaporization and
heat exchanger induced mixture ratio maldistribution. It must be stated, however,
that a flow maldistribution may still be present, the exact magnitude of which has
not been determined. Figure 49 also indicates the exact opposite characteristics
of the Phase II data previously reported. Higher performance is obtained at lower
velocity ratio. Since velocity ratio is primarily changed by variations in mixture
ratio, the higher performing low velocity ratio tests occur with high mixture ratios.
To separate the effect of mixture ratio alone, the injector was run with reversed
circuits which causes the oxidizer velocity to be doubled and the fuel velocity to
be halved at the same mixture ratio. Symbol coding denotes chamber pressure and
injector flow conditions on the figure. Also noted are data using the Phase II
chamber which has a larger throat area; however, both chambers are 2.5 in. in length.
The majority of the tests was conducted using a two-dimensional chamber with the

narrow dimensions parallel from the face to the nozzle exit.

As can be seen in Figure 49, energy release efficiency drops off
with increasing velocity ratio with a wide dispersion in data for the different
chamber pressure conditions. These trends denote the dependence of another variable
which overrides normally expected velocity ratio effects on mixing induced perfor-

mance. Increased velocity ratios (VH2/V02) should enhance turbulent mixing, thereby

Page 48



Report 21052-3F

X, C, Hot Firing (cont.)

reducing this performance loss. Apparently, an overriding factor is caused by the
increased fuel velocities which reduce effective chamber residence times and,

consequently, may result in incomplete combustion within the chamber.

In an attempt to understand the chamber pressure influence, the
curve of Figure 50 was constructed. Here, the energy release efficiency is presented
as a function of the fuel density = velocity product (PV). Since tests with the same
injection velocity differ in injection density due to chamber pressure changes, the
density - velocity product becomes of interest. The data on this curve tend to indi-
cate that high fuel velocities with short chambers and high chamber pressures (high
injection gas density) produce increasing losses in the 100 to 500 psia chamber

pressure range.

In conclusion, three effects are noted resulting from the fine-
pattern injector gaseous propellant test data. First, high performance can be obtained
with a 2,5~in. chamber using a HIPERTHIN injector over a wide range of chamber pressure.
Second, high fuel velocities or fuel velocity - density products tend to induce sig-
nificant performance losses in a short 2.5-in. chamber. Third, design variables
such as absolute injection velocities affect combustion performance, overriding the
effect of operating mixture ratio, which was a primary variable for the Phase II

injector with liquid propellant injection.

2. Phase III HIPERTHIN Injector

a. Test Setup and Procedure

All testing was conducted at Test Bay 7 of the Physics Lab
(shown in Figure 51). Thrust measurements for performance were made with strain
gage load cells. Oxidizer propellant flow rates were measured with turbine type

flow meters. Sonic flow venturi were used in the fuel circuit. Sizes were adjusted
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to meet design flow rates. Propellant was supplied to the test stand from a 50-gal
Lo, tank and a 30-ft3 GH, cascade system. The Lo, vessel was pressurized with GN,.
These systems were used for all tests. Injector and chamber pressures were mea=-
sured with Tabor transducers. For stability measurement, a Photocon transducer was
mounted in the fuel manifold of the injector. Temperatures were also recorded at
all injector and line pressure measuring points. Ignition was accomplished by a
Halex 1196A squib wired into the throat. The squib was therefore replaced for each
test. Figure 52 shows the hardware mounted on the test stand ready for testing.
The water~cooled chamber was fed through a 3/4 moon-shaped manifold and then exited

straight down so to not affect thrust measurements.
b. Test and Performance Summary

A total of ten tests were conducted during the Phase III test
program using a single baffled nickel injector which incorporated an integral
oxidizer heat exchanger. All tests utilized a 2.5-in. combustion length, two=
dimensional water-cooled chamber having an area ratio of 2.07:1. An optional nozzle
extension is available, which brings the area ratio to 3.7:1 for use on tests at
chamber pressures above 500 psia. Six of the tests provided data which were adequate
for detailed thruster performance analysis, with no two tests conducted at either
the same chamber pressure or mixture ratio. GChamber pressure variations were inten=
tional in order to define the thruster stability and durability over a throttle
range from 100 to 1300 psia chamber pressure. Mixture ratio variations, however,
were a result of oxidizer system pressure drop variations associated with each
chamber pressure operating point inducing an oxidizer flow variation. As a result,

a total of six data points define the thrusters' operating characteristics, each
having a different combination of chamber pressure and mixture ratio. With these
variations, detailed performance trends are difficult to establish and the performance
analysis must rely heavily on additional supporting data to establish nominalized

criteria so that separation of these variables can be obtained.
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To accomplish this separation, the performance evaluation of
each test involved computation of the specific impulse decrement attributable to
the injector/chamber design. These losses were computed using the JANNAF Standar-

(1)

dized Performance Evaluation procedure  °, which allows computation of the various
real engine specific impulse losses so that the combined energy release and mixture
ratio distribution loss of the injector can be deduced. Since no means were
available to determine the mixture ratio distribution across the injector face for
the various chamber pressure/mixture ratio combinations, a separate loss was not
computed. Therefore, the impulse loss remaining after real engine loss identifica-
tion has been assigned to energy release loss and may include indeterminable mixture

ratio distribution losses.

The program test and performance data are summarized in
Table II, indicating the test number, date, operating point, duration, and energy

release efficiency.

As mentioned earlier, six tests were analyzed for performance.
The four remaining tests (101, 102, 106, and 110) were not considered in the perfor=
mance evaluations for various reasons. Test 101 was a short duration system checkout
firing and not suitable for steady-state performance data. Instrumentation mal=-
functions prohibited evaluation of Test 102, Test 106 ran at a high mixture ratio
of 25:1 and was considered out of the range of applicable data. On Test 110, an
oxidizer circuit system malfunction induced chamber damage, invalidating performance

data.

Previous gas/gas testing with the Phase II injector indicated
two primary performance correlation trends. Increasing chamber pressure resulted in
energy release efficiency reductions, while mixture ratio increases improved injector

energy release. The combined trend was interpreted in terms of increased fuel

(1) Performance Evaluation Methods for Liquid Propellant Rocket Thrust Chambers,
ICRPG Working Group on Performance Standardization, CPIA Publication No. 132,
November 1966.
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density « velocity product. For given injector and chamber configurations, an
increasing chamber pressure results in proportional increases in propellant density
and flow rate while the velocities remain constant. This condition results since
the throat area was held constant over the chamber pressure range. These correla-
tions were possible since both propellants entered at the same temperature, allowing
computation of the densities at injection. The Phase III data, on the other hand,
employed liquid oxygen with heat exchange, prohibiting the computation of the
injectant's density. Therefore, the performance trends evaluated with the Phase III

data were only those known operating variables of chamber pressure and mixture ratio.

Performance data with the Phase ITI injector has been computed
from the six valid performance tests and is presented in terms of energy release
efficiency versus chamber pressure and mixture ratio in Figures 53 and 54. As
mentioned earlier, for the purpose of this discussion, the energy release efficiency
computed may include mixture ratio distribution losses which were not calculated
separately. Also, the two trends plotted are not considered ideal since no two
tests were conducted at either the same mixture ratio or chamber pressure, which
means that the trends shown are not necessarily a direct result of the dependent
variable shown on the graph. Since the effect of decreased mixture ratio is
decreasedenergy release efficiency (within the mixture ratio range covered in the
testing), the effect of chamber pressure on injector performance is assumed to not
be as great as depicted. Figures 53 and 54 would seem to prove valid the conclusions
reached from analysis of Phase II gas/gas test data in regard to the effect of chambe

pressure and mixture ratio on injector energy release efficiency.

Ideally, in order to proportion the dual influences of mixture
ratio and chamber pressure accurately for Phase III injector performance, a mixture
ratio survey at each program chamber pressure level was required. In absence of
such a survey, Phase II gas/gas test data were used to evaluate the effect of

mixture ratio on the energy release efficiency of the Phase III injector at each

Page 52



Report 21052-3F

X, C, Hot Firing (cont.)

chamber pressure. After subtracting the effect of decreasing mixture ratio, the
influence of chamber pressure on energy release efficiency can be noted. Figure 55
shows energy release efficiency as a function of mixture ratio for the Phase II
injector using gaseous propellants and for the Phase III injector. These data
indicate the decreasing effect of mixture ratio on performance as chamber pressure
increases. A corrected energy release efficiency versus chamber pressure plot
(Figure 56) was constructed for the Phase III injector at a mixture ratio of 6.45,
corresponding to Test 104. Using the Phase II gas/gas data at a chamber pressure

of 100 psia, from Figure 55, the change in energy release efficiency attributable to
mixture ratio variation from the base value of 6.45:1 (Test 104, Pc = 108 psia) was
added to the energy release efficiency calculated for each Phase III test. Thus, a
conservative correction was made because the energy release gradient is stronger at
100 psia than at higher pressures. From Figure 56, it appears that increasing
chamber pressure is the major influence in reducing Phase III injector energy release
efficiency assuming the limited data sample will completely define a variable
influence. This is in agreement with Figure 55, which shows a general lower level

of performance with increasing pressure.

C. Explanations of the Effect of Chamber Pressure on
Injector Energy Release Efficiency

Assuming the effect of increased chamber pressure is to
decrease the Phase III injector energy release efficiency, several explanations can
be discussed in terms of chamber pressure influence on the combustion efficiency of
a gaseous oxygen/gaseous hydrogen reaction. The chamber pressure effect will be
discussed in terms of an occurrence which could possibly affect injector energy
release efficiency. This occurrence will be identified with the proportional

increases in the GHZ/GO2 reaction rate with increasing chamber pressure.

In a gas/gas injection process, the propellants are fully
prepared for combustion; i.e., no atomization or vaporization processes must take
place as with a liquid oxidizer/gaseous fuel system as utilized in Phase II. The
Phase ITI1 HIPERTHIN injector basically employs a linear showerhead element distribu-~

tion with alternate rows of fuel and oxidizer orifices. Both of these facts (i.e.,
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a gas/gas injection system and a nonimpinging showerhead injector pattern) would
support the theory that the chemical combustion reaction could be interrupting the
physical mixing process in the engine combustion chamber. If this phenomenon were
occurring, the effect would worsen with increasing chamber pressure since the reactio
rates would increase. 1In this case, more reaction would occur near the injector face

forming a zone of reacted gas which would act as a barrier and, hence, inhibit mixing

This type of gas/gas combustion effect on the injection inertia
effects has been cited as occurring in the ALRC Hydrogen-Oxygen High PC APS Engine
Program(z). This gas/gas program has cited differences in mixing efficiency between
cold flow and hot fire data for injectors utilizing swirler coaxial elements. Pre-
liminary results from these gas/gas tests have shown that swirler elements do not
offer performance advantages over a plain showerhead element, contrary to the cold
flow data from which the swirler was synthesized. This would tend to indicate the
combustion process is indeed impeding the mixing process and causing this desirable

mixing influence to be minimized. This program is operating at chamber pressure

levels from 100 psia to 500 psia, with cold flow at 50 psia.

In the parallel Low P, APS program(z), opposite results have
been obtained in hot fire tests with a swirler coaxial element. The performance gain
predicted from cold flow optimization have generally been realized in the hot firings
conducted to date. It can be suggested that the lower reaction rates accompanying
the low nominal chamber pressure of 15 psia allow the mixing process to be completed
without a substantial combustion interface in the critical mixing zone near the

injector face,

(2) Oxygen-Hydrogen High and Low P. APS Thrusters, Contract NAS 3-14354,
NASA/Lewis Research Center.
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A recent company=-sponsored investigation into hydrogen/oxygen
combustion with a unielement showerhead injector has also provided substan-
tiation of this gas/gas mixing interface during hot fire testing. In this program,
a coaxial element was cold flow tested using a mass spectrometer to identify the
species and the degree of mixing. Next, hot fire tests were conducted and the
species again identified. The ensuing result was decreased mixing since the inter-
face water reaction forced the outer hydrogen away from the element and compartmentized

the oxygen within the water-cylinder-like shield.

With these two examples of GOZ/GH2 reaction processes tending
to inhibit mixing, a relation to the physical Phase III test system must be clarified.
These tests were conducted at thrust levels to 2500 1lb in a short 2.5~in.-length
chamber. It must be assumed at these thrusts and their corresponding high pressure
and flow rate that combustion reaction effects are amplified in comparison with longer
length chambers currently under evaluation in other OZ/H2 propellant applications.
In these gas/gas test programs, higher energy release efficiencies have been noted
and with not nearly the influence of chamber pressure. In most cases, the employed
chambers were two to three times as long. The end result was less sensitivity to
chamber pressure increase as shown in Figure 57. Here, the Phase II and Phase III
injector gas/gas data are compared with three other injectors operating with longer
combustion chambers. The influence of chamber length on chamber pressure increases
is quite apparent. For this reason, a qualification must be made with respect to
the trends of the Phase III injector gas/gas data in that increased chamber lengths
may tend to minimize this effect and allow high combustion efficiencies to be obtained
at high chamber pressures, the slope of which is a function of the particular injector,

with gaseous oxygen/gaseous hydrogen injectors.
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Figure 1. Annular Segment Injector
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Annular Combustor Assembly

Figure 3.
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Thermal Nodé Network for Tapoff Cycle Injector

Figure 5.
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Figure 6. Turbopump Operating System
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Figure 11. Temperature Comparison Between Copper and Nickel at
Injector Face Nodes and Hot Gas Outlet
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Throat Section
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Figure 24. Gas-Side Wall Temperature vs Chamber Pressure - NOFCoating



23y MOT4 JUBTOOD

Report 21052-3F

29s/q1

3uT1B0) BTUIBH ‘UT 70Q'(Q — 2iNSsald I9quey) SA 23BY MOTJ IUBT00D Gz 2iIn8rg

e1sd nAomv 9INSsSa1g I2queyn

0007 000t 008 009 00¢ 001
: o | | i 1 i i i i g
Hlﬁ lmao
e}
o
4 ®
rt
w0
[N
& °1
\ll\ll’ii’
°T
e g ey
<)
[ o
jou]
Tt
@]
§ oe
Ilﬂ!l’/’! m—u.
Q.
®
G 7 C

*u013199s 3BO0IY] I3Y3 3I®

hmmwm = JUBIOO0D; yo poseq sie seniea 09y :930Nx

‘938@Yg MOTJ IUBT00H

oas/qI



Report 21052-3F

8ulie0) ®BTUIEBH °UT 7Z00'(Q — °23BY MOTJ 2JUBTO0) SA omm u0T309§ 3eO0IYL ‘gz 2an8Tj

(®PTS anojuo)) °09s,q] @3y MOTJ IUBIOOD

0°¢t 14 0°¢ ¢ 0°1 ] 0

(PPTSTIETA) 008 /q1 ‘evey MOTd IuETOO]

9 - ¢ Yl < A
v 3 ] ] i

UGTINFS JeoiAYd ‘eTUTRY
Yy 3L “fm.mm,.m ucmﬁoo...um:, .
uo peseq oae sontea OHy :

anouang .I..w




Coating Gas-Side

Interface

Coating-Wall

Report 21052-3F

Throat Section c

L0000 -§ <
, 2500

] 2000
N 1500

. 1000

3000 4

500

Temperature, ©F

1200 -
“%” f 2500
800 1 %0.002~in., Hafhia Coating 15002000
; 5 O1000
600 0
200
100
LOQ
200 . : , u . -
0 0.2 0.4 0.6 0.8 1,0
Rpo

Figure 27, Gas-Side and Wall/Coating Interface Temperature
vs RBO - 0.002 in. Hafnia Coating



Wall Temperature, °OF

5000

200

100

Report 21052-3F

Throat Section

100

Figure 28.

RBO

1.0-0.6

Wall/Coating
Interface

1
200 500 1000 2000

Chamber Pressure, psia

Gas-Side and Wall/Coating Interface Temperature
vs Chamber Pressure

3000



Report 21052-3F

]

®inpadoiq iredesy io3zoalur *6Z °2an31g

10323fuy pa3ajdwoy

ateday o3l io1ag

. PTo03TURy
18z1pTXQ 9¥sodxg 03 330
pautydeR 10329(ur jo dog

I3A0) plojIuERK \ ¥

482TpIXQ JusuweoeTday

o~ vwmomxm xm&u



Report 21052-3F

St

e
S

-

.

Annular Segment Injector Flat Face Configuration

Figure 30.
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Copper Flash Nickel Plating

Figure 31. Nickel Platelet with Nickel Plating
over Copper Flash
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Figure 32. Injector Sample Stack No. 2 Bond Quality
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Figure 33. Nozzle Extension
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\‘;JH = 0.025 1b/sec
.N = 0.330 lb/sec
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Heat Exchanger Samples - Test Results Comparison

Figure 39.
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Hardware Setup for Testing

Figure 52.
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APPENDIX A

COMPUTER LISTING AND DISCUSSION OF SINDA
LOGIC AND SUBROUTINES FOR HEAT TRANSFER CALCULATTIONS
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COMPUTER PROGRAM INPUT AND OPERATION

(1)

The unique structural features of the SINDA program preclude the use of a
set of data cards, in the ordinary sense, supplying necessary '"program input'. The
SINDA program is a master control program which is structured to accept logic as

well as numerical data. User logic accepted by the program includes a description

of the node network in terms of numeric and alphanumeric descriptors, subroutines to
manipulate numerical quantities (a large number of useful subroutines are included in
the SINDA library), program execution control constants, and array data. Since the
basic SINDA program greatly facilitates nodal definition and network solution, a

majority of the time spent on the tapoff cycle design study was used to develop the

subroutines required to provide supplementary calculations and data.

Excluding these subroutines, which could be stored on tape or disk with the
SINDA program, and the approximate 150 cards containing the user logic described
in the first paragraph, the program input will be defined here as the set of three
cards which define injector and channel geometry, flow rates, and inlet and outlet
temperatures and pressures. These three cards together form array number 30, which

contains the following input parameters.

Array 30 Input Parameters

Twenty=-two parameters comprise the principal input array. They are input
in free format in columns 12 through 72, beginning with the number "30" in columns 12
and 13 of the first card, followed by the numerical value of each array element

separated by commas. Array elements are as follows:

(1) J. D. Gaski, "Chrysler Improved Numerical Differencing Analyzer for Third
Generation Computers,' TN-SP-67-287, Chrysler Corp. Space Division, New Orleans,
La., October 1967.

Page 1
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Total fuel (hydrogen) weight flow, lbm/sec

Total oxidizer (oxygen) weight flow,

Ratio of hot gas weight flow to total

Channel width, oxidizer, fuel, gas, inches

Separator platelet thickness, gas, inches

Separator platelet thickness, oxidizer

Inlet manifold pressure, oxidizer, psia
Inlet manifold pressure, fuel, psia
Combustion chamber pressure, psia

Inlet pressure loss factor, oxidizer, (=)
Inlet pressure loss factor, fuel, (=)
Inlet pressure loss factor, gas, (-)
Qutlet pressure loss factor, oxidizer, (=)
Outlet pressure loss factor, fuel, (=)

Outlet pressure loss factor, gas, (=)

Element Program
Number Symbol Element Definition
1 WF
2 W
lbm/sec
3 WG
propellant flow, percent
4 WTI Overall injector width, inches
5 DTI Overall injector depth, inches
6 D Channel depth, fuel, inches
7 W
8 WLAND Channel land width, inches
9 THGAS
10 THPF
and fuel, inches
11 GASD Channel depth, gas, inches
12 L Channel length, inches
13 PIP
14 PIF
15 PIG
16 KIP
17 KIF
18  KIG
19 Koo
20 KQF
21 KOG
22 D

the listing of Table I.

cases Trun.

Channel depth, oxidizer, inches

Variable Range

0.088 ¢ WF ¢ 2.2
0.44 ¢ WO £ 11.0

0.2 £ WG £ 11.0

1.8 £ WITL £ 4.0
3.5 & DTI £ 8.0
0.002 £ D £ 0.005
W= 0.05

0.015 £ WLAND £ O.
0.010 £ THGAS £ O.
0.010 & THPF £ 0.(

0.005 £ GASD £ 0.(

0.2 € L& 2.5
150 £ PIP £ 3750
150 & PIF £ 3750
100 & PIG & 2500
KIp = 1.0

KIF = 1.0

KIG = 1.0

K$p = 1.0

KOF = 1.0

KOG = 1.0

0.002 ¢ D@ € 0.00:

The array 30 data are included in the SINDA control program as shown in

Page 2

Table II presents a sample output for one of the full thrust
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COMPUTER PROGRAM SUBROUTINES

Subroutines developed for the Tapoff Cycle design study are listed in
Table III and discussed individually in the following paragraphs. These represent
user developed programs which complemented subroutines available in the SINDA

library.

Subroutine WD@T

Subroutine WDPT was used to calculate the total number of flow channels
as determined from the channel geometry and overall dimensions input. Flow rates per
channel of each of three fluids were then determined from the total flow rates input.

Calculational details and symbol definitions are included in the subroutine listing.

Subroutine HGP

Subroutine HGY was used to calculate the local oxygen heat transfer
coefficient as a function of local temperature at the inlet pressure. Heat transfer

coefficient calculations were based on the following standard correlation:

Nu = 0.023 Reo‘8 Pro‘4

where the Nusselt, Reynolds and Prandtl numbers are based on free-stream properties.

Subroutine HGF

Subroutine HGF was used to calculate the local hydrogen heat transfer
coefficient using the same correlation and transport properties assumption as for

oxXygen.

Page 3
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Subroutine HGCHMB

Subroutine HGCPMB was used to calculate the heat transfer coefficient

for the combustion gas at the injector face. The Dittus-Boelter correlation was used,

(1)

correcting the "DB" properties factor obtained from the THERMPCAL program for the

noncircular geometry. The resulting expression used was as follows:

0.8
.. 0.8, 1.8 4D
hg = DB * W * D ( P> '
where DB = THERMPCAL properties factor
%T = total propellant weight flow, 1lb/sec
D = hydraulic diameter of injector face, in.
P = perimeter at injector face, in.

Subroutine HGGAS

Subroutine HGGAS was used to calculate the local hot gas heat transfer
coefficient inside the hot gas channel as a function of temperature. The same Dittus-
Boelter correlation was used as in Subroutine HGCPMB, substituting appropriate

geometry terms.

Subroutine FRICT

Subroutine FRICT was used to calculate hydraulic parameters within the
flow channels. Determinations were made of entrance and exit pressure drops as well
as momentum and friction losses within the channels. Local pressure calculations
were performed after the temperature gradients were established for the entire network.
The purpose was to maintain a check on the overall channel pressure drop to assure
that channel sizes were reasonable. Pressure calculations were made at each node,
using the local temperature and previous pressure for viscosity evaluation. Turbulent

flow was assumed and an appropriate friction factor was used.

(1) J. N, Hester and J. Chan, "THERM@CAL - Phase I, Volumes I and II," Thrust Chamber
Engineering Report No. 9600:M014, dated 1 September 1969.

Page &4
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Subroutine HYDP

Subroutine HYDP was used to obtain the thermodynamic and transport
properties of hydrogen as a function of temperature and pressure. Properties thus
obtained were specific heat ratio (-), sonic velocity (ft/sec), viscosity (lb/in.-sec),
and density (1bm/ft3)° HYDP calls Subroutines TABTP and TABHP which contain the
Los Alamos tabular para~hydrogen properties and are further described in an Aerojet
manual(z). Thermodynamic and transport properties are available over the following

range of temperature and pressure:

0<<P<< 5000 psia
36 << T<< 50000R

Subroutine @XP

Subroutine @PXP was used to obtain thermodynamic and transport properties
of oxygen as a function of temperature and pressure. Properties provided by OXP were
specific heat ratio (~), sonic velocity (ft/sec), viscosity (lb/in.=-sec), and density
(1bm/ft3)° PXP calls Subroutines @XYGP and PTP which contain Aerojet-developed
tabular oxygen properties and are further described in two memorandums(B’a)° Thermo=-
dynamic and transport properties are available over the following ranges of tempera-

tures and pressures:

PTP: 44 << P-< 2939 psia
180 < T << 5000°R ks o Vs Cpr HEQ
PXYGP: 14,7 <P <4850 psia
S’ Y) Vy C 3 Q, H
100 < T < 5409R P

(2) N, R. Gull, "0. A. Farmer Hydrogen Property Subroutines TABHP and TABTP,'
Dept 2380, Reference Manual 2300-M21, Aerojet-Genmeral Corp., 2 February 1968.

(3) J. J. Williams, '"Computer Code for the Thermodynamic Properties of Oxygen,"
Memorandum 9615:2948, dated 10 September 1969.

(4) P, Block, "Phase II Computer Program -~ Advanced Injector Program,’" Memorandum
9648 :0539, dated 3 November 1969.

Page 5
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Subroutine @XARRY

Subroutine @XARRY was used to load thermodynamic properties of oxygen,
thermal conductivity (Btu/in.-sec=°R), viscosity (lb/in.-sec), and specific heat
(Btu/1bm~-°R) into arrays as a function of incremental temperatures at the inlet
pressure specified. These arrays were stored by the main logic of the SINDA control
program. This subroutine also called Subroutines @$XYGP and PIP which contained the
oxygen properties described in the above @XP subroutine. The arrays created by OXARRY
were called by the argument list of Subroutines HGP and FRICT, described earlier, to
provide properties for the evaluation of the oxygen heat transfer coefficient and

pressure drop.

Subroutine HYARRY

Subroutine HYARRY was used to load thermodynamic properties of hydrogen,
thermal conductivity (Btu/in.-sec~=°R), viscosity (lb/in.=-sec), and specific heat
(Btu/1bm=OR) into arrays as a function of incremental temperatures at the inlet
pressure specified. These arrays were stored by the main logic of the SINDA control
program. This subroutine also called Subroutine TABTP which contained the hydrogen
properties described in the HYDP subroutine. The arrays created by HYARRY were called
by the argument list of HGF and FRICT, described earlier, to provide properties for

the evaluation of the hydrogen heat transfer coefficient and pressure drop.

Subroutine GSARRY

Subroutine GSARRY was used to load the thermodynamic properties, specific
heat (Btu/lbm=-OR), THERM@CAL DB factor, of the oxygen/hydrogen combustion gas at
MR = 5.0 into arrays as a function of incremental temperatures at the chamber pressure
specified. These arrays were stored in the main logic of the SINDA control program.
This subroutine called GASP, which referred to the /PGAS/ block data where the com~
bustion gas tabular data were stored. The arrays created by GSARRY were called by the
argument list of Subroutines HGGAS, HGCPMB and FRICT to evaluate channel and face heat

transfer coefficients and pressure drop.

Page 6



Report 21052-3F, Appendix A

Subroutine GASP

Subroutine GASP was used to obtain the thermodynamic and transport
properties of the combustion gas as a function of temperature and pressure. Proper-
ties thus obtained were sonic velocity (ft/sec), viscosity (lb/in.-sec), density
(1bm/ft3), specific heat (Btu/lbm~°R), and the THERMPCAL DB factor. Tabular entries
were provided by the common block /PGAS/ at seven temperatures at each of six
pressures for a mixture ratio of 5.0. Pressure and temperature ranges covered were

as follows:

100 <P < 2500 psia
500 < T << 6000°R

Properties loaded into the /PGAS/ block were obtained from the Aerojet THERMPCAL
(1)

program

Page 7
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I, INTRODUCTION

This is the computer program written to estimate heat transfer and pressure
drop within the Phase II injector. The computer program considers the parallel-
channel interpropellant heat transfer as well as the flow and pressure drop
through the injector core. The program treats the injector as a parallel-flow heat
exchanger flowing gaseous fuel (Hz) at 550°R and liquid oxidizer (0j) at 200°R at
the inlet to the injector. Interpropellant heat transfer and propellant pressure
drop are calculated by dividing each channel into a number of small segments and

performing energy and momentum balances at each segment.

The program originated during the Phase I work but was entirely rewritten
incorporating analytical changes as well as propellant property subroutines and
other modifications to facilitate the design and analysis of the Phase II and

Phase III injectors.

II. INJECTOR GCONFIGURATION

Figure 1 is a schematic drawing of the oxidizer metering and separator
platelets for the fine=pattern injector. Superimposed on the oxidizer separator
platelet is the fuel metering manifold which shows the relationship of the oxidizer
to the fuel passages in the fuel manifold section. A cross-flow heat exchange
situation exists here but was not considered in this analysis. The effective heat
exchanger section was assumed to start at the entrance to the fuel metering grooves
from which point the fuel and oxidizer are in a parallel flow situation (Section 1
on Figure 1). An expression is included in the program to account for the pressure

drop for the excess length of the oxygen channel (over the fuel manifold).
The injector is designed such that oxidizer passages are of constant width

but variable depth (effected by selectively depth etching the oxidizer separator

platelet), and fuel passages are variable width (by section) and constant depth.
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ITI. COMPUTER PROGRAM

Three versions of the parallel flow heat transfer program establish the
design, data reduction and quality prediction modes of operation. The source
versions are written in FORTRAN IV, Separate versions were established in order
to minimize program conversion run time. Basic equations and compute sequence
are the same in all versions; only the input, output, reference tables, and geometry
subroutines were added/omitted/changed as required. Basic equations and logic
diagram are discussed subsequently. Options exist as to length and type of output
desired with each of the three versions used. The following information applies to

all three programs except where noted.

IV, MAIN LOGIC

Input to the program is via paper tape and keyboard from the TWX terminal.
The first part of the program contains the logic for accepting the data, printing
the input conditions, and propellant properties and injector configuration called
for. Depending on the program version, the applicable geometry is either input
or recalled from a subroutine flagged by a test number (discussed later). Gal-
xulations are then performed for inlet conditions and other items, such as weight
flow per channel, which remain constant over an entire section. GCalculations are
then made at each of a previously specified number of stations or nodes within
each section. A looping procedure is used to go from one node to the next and
another loop is used to proceed from one section to the next until the last section

has been completed.

No internal iterations are required to obtain a solution. The principal
input to the program is fuel and oxidizer manifold pressures, temperatures, and
weight flows with output being final fuel and oxidizer pressures (corresponding

to chamber pressure), temperatures and velocities.
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IV, Main Logic (cont.)

Limitations on program operation include:

(1) Oxidizer channels cannot be shorter than fuel channels except in
the design version.

(2) Properties of 347 stainless steel are assumed for the platelet
material except an option in the design version provides for a
nickel injector.

(3) Physical and thermodynamic properties:

Propellant Pressure (psia) Temperature (°R) Interpolation Between Tables
Oxygen 44 - 2939 180 - 450 Yes = 10 tables
Nitrogen 50 = 577 139.6 « 500 No except on density -
3 tables
Hydrogen 50 - 1700 200 - 570 No except on density =
4 tables

(4) Subsonic flow in oxidizer and fuel passages.

Subroutines used within the program will be discussed following:

A, SUBROUTINE PR@PH

Purpose: To store gaseous hydrogen properties.

Source Reference: '"Properties of Principal Cryogenics,' AGC,
October 1966.

Properties and Units Stored: The following properties are stored

at pressures of 50, 215, 577 and 1700 psia.

Temperature, TH 200 to 570°R
Enthalpy, ENTHH Btu/1lbm
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IV, A, Subroutine PRPPH (cont.)

Thermal conductivity, C@NH

Input Btu/ft-hr-°R

Output Btu/in.-sec-°R
Viscosity, XMH 1lb/ft=sec
Specific heat, CPHH Btu/1bm-°R
Density, HRH@ f'i. lbm/cu £t
Specific heat ratio, GAMH. (=)

Calling Sequence and Options: Two parameters are specified in the

argument list. They are KPRES and KCALG.

KPRES = 1 Indicates the 50 psia table value will be used.
2 Indicates the 215 psia table value will be used.
3 Indicates the 577 psia table value will be used.
4  Indicates the 1700 psia table value will be used.
KCALC = 1 Store table values only; no interpolations made (used for printing

reference table).

2 Determine enthalpy HHY from temperature TFJ; get density, RHPH from
enthalpy; correct density by multiplying RHPH by actual pressure/
table reference pressure.

3% Determine as a function of enthalpy, HHY, the following: thermal
conductivity, XKKH; viscosity, XMUH; specific heat, CPH; bulk
hydrogen temperature, TBH; density, RHPH; specific heat ratio, GAMH,
Apply same density correction as above.

*NOTE: All properties are explicitly for the reference pressure and are not
interpolated for actual pressure except where a pressure correction
factor is applied to the density.
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IV, Main Logic (cont.)

B. SUBROUTINE PMETAL

Purpose: To store platelet material properties.

Properties and Units Stored:

Temperature, TM At 160, 410, and 660°R
Thermal conductivity of Btu/in.-sec~-%R

347 stainless steel, CPNM _

Thermal conductivity of Btu/in.=-sec~CR

nickel, CONMN

Calling Sequence and Options: KPAT is the only argument required to

obtain thermal conductivity as a function of wall temperature, TW.

KPAT = 1 or 2 347 stainless steel properties are used.

3 Nickel properties are used.

(Optional input in the design version only.)
Ce SUBROUTINE HGE@M

Purpose: To store platelet geometry information for the coarse- and
fine-pattern configurations. KPAT is the only parameter in the argument list
required to specify channel geometry within each of the five possible sections of
each of the coarse and fine patterns.

KPAT = 1 Used for fine-pattern/steel injector.
2 Used for coarse-pattern/steel injector.
3

Used for fine-pattern/mickel injector.

The geometry is built into this subroutine and is given in Table I as well as the

entrance loss factors applied to the beginning of each section.
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IV, Main Logic (cont.)
D. SUBROUTINE SINDEX

Purpose: To associate injector pattern, baffle configuration, the
hydrogen properties reference pressure, and percent thrust achieved with test

number for the Phase II hot firing test program.

The main program logic is set up.such that the last signifi-
cant digits of the test number is input along with the test conditions. Subroutine
SINDEX establishes other pertinent data previously mentioned. The purpose of this
subroutine was to facilitate input for the numerous runs required to analyze the
data and debug the computer program. Table II gives the data stored within the

subroutine.

Calling Parameters:

KPRES Hydrogen properties reference pressure (see Subroutine PRPPH).
KPAT Injector pattern (see Subroutine PMETAL).
NTEST Last significant digit(s) of hot fire test number (see Table II).

Ee SUBROUTINE BINTP

Purpose: To provide linear interpolation between successive data
points.

Calling Parameters:

U Independent variable.

vl Array of independent variable data.
V2 Array of dependent variable data.
NV Number of stations in each array.
VINTP Dependent variable returned.

Page 6



Report 21052-3F, Appendix C

IV, E, Subroutine BINTP (cont.)

Note that no extrapolation is done outside the range of V1; rather a constant

value is returned, which is the first or last element in the V2 array, to which=

ever end of the table U is nearer.

F.

a function of enthalpy and pressure.

SUBROUTINE PTP

Purpose: To provide oxygen properties as a function of pressure,
temperature and quality.

Calling Parameters:

Independent variable, pressure (1bf/ine2)

Independent variable, temperature (°R)

Independent variable, quality (=)

ENT Dependent
RHQ Dependent
GAM Dependent
AVE Dependent
SPH Dependent
VIS Dependent
CON Dependent
TS Dependent
Discussion:

variable,
variable,
variable,
variable,
variable,
variable,
variable,

variable,

enthalpy (Btu/lbm)

density (1bm/ft3)

gamma (~)

velocity of sound (ft/sec)

specific heat (Btu/lbm-OR)

dynamic viscosity (lbf/ft-sec)
thermal conductivity (Btu/in.=-sec~°R)

saturation temperature (OR)

The subroutine calls Subroutine PRPPP which finds oxygen properties as

Complete tables are input at ten pressure

levels (44, 73, 147, 294, 441, 588, 735, 882, 1470, 2939 psia) as a function of

temperature ranging from 180 to 450°R in ten increments.

the following references:

Data were obtained from
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IV, F, Subroutine PTP (cont.)

(1) "The Thermodynamic Properties of Oxygen,' Richard B. Stewart,
The University of Iowa, June 1966 (Density, Temperature and
Enthalpy).

(2) '"Properties of Principal Gryogenics," Aerojet-General Corporation,
October 1966 (Thermal GConductivity and Viscosity).

(3) "Thermodynamic and Related Properties of Oxygen--," L. A, Weber,
NBS Report 9710, National Bureau of Standards, 20 June 1968
(Ratio of Specific Heats, Specific Heat at Constant Pressure,
Velocity of Sound).

Subroutines required with PTP are:

SATPQ which finds saturation temperature as a function of pressure
SATTQ which finds saturation pressure as a function of temperature
DINTP a double interpolation routine
SINTP a single interpolation routine

BLOCK DATA which stores the oxygen properties

Ve INPUT/OUTPUT

Program input and output is via TWX terminal the majority of parameters

are input via paper tape and the rest from the terminal keyboard as the program

calls for them. Sample input for each of the three versions is given. The four

output options are the same for all three versions.

A,

INPUT FOR DESIGN MODE

From Paper Tape:

s P P ., %f, %0, XNH, XNG, XN, KPRES, K@P, KPAT,

Peo Tfj’ To £3’ "oj

3
SECT, HL, @L, SH1, SH2, SGl, SG2, A, XF, YKH, YKG

(Repeat for as many sections as desired-~last section is input
as a negative section number.)
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V, A, Input for Design Mode (cont.)

Bo

C.

From Keyboard:

Data file name

INPUT FOR DATA REDUCTION MODE

From Paper Tape:

Test number, Pcl’ Pc2’ Tfj’ Toj’ Pfj’ Poj’ Wes W

From Keyboard:

Data file name

Cg (for gas-side heat transfer correlation, usually 0.027)
Conductance factors, UMG, UMH

Output option flag, IFLAG

»2 = Injector pressure drop ratios are calculated

INPUT FOR QUALITY PREDIGTION MODE

From Paper Tape:

Test number, Pcl’ Pc2’ Tfj’ Toj’ Pfj’ Poj’ Wes Wb

From Keyboard:

Data file name

OQutput option flag, IFLAG

Nitrogen reference pressure flag, KPRES
Baffle configuration, KBAF

Injector pattern, KPAT
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VI. PHASE I COMPUTER PROGRAM LOGIC AND EQUATIONS

There are principally three sections to the computer program which are

depicted in the following simplified logic diagram:

START

4

Input parameters and injector configuration

Repeat for each section

v

Calculate constants for each section: flow
rate per channel, hydraulic diameter, etc.

Repeat for each node

Reynolds number, velocity, quality, pres=
sure drop, enthalpy, etc., for each node

END

Fluid properties are evaluated at each nodal calculation, thus approximating the
variable property momentum and energy expressions. Hydrogen is assumed to enter
the injector as a gas. However, since the oxygen enters as a liquid (200°R) and
is, in turn, vaporized by the warm (540°R) hydrogen in the heat exchanger section

of the injector (see Figure 1), it is necessary to calculate oxygen vapor quality
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VI, Phase I GComputer Program Logic and Equations (cont.)

and provide for a specific volume averaged oxygen heat transfer coefficient. No
attempt has been made to account for any type of film boiling which might exist
in this region and result in lower heat transfer coefficients than the correla-

tions provide.

A check is made at each node for sonic flow. The program assumes that both
propellants enter the injector from the same end in a parallel flow relationship.
The equations used by the program are presented more or less in the order used.

Nomenclature is presented in Table III.

SECTIONAL CALCULATIONS

a,=2awd (1)
D =2wd/(w+ d) (2)
A =wd (3)
Jﬁ = Ji/n for Aﬁ ,,4{ in first section (4a)
= lﬁ/n for )£-< jé in first section (4b)

NOTE: Equatiom (4b) is programmed for the Design Program only. In the other two
programs, it is assumed that the oxygen channel is longer than the hydrogen
channel in the first section. 1In all other sections, both channels are of
equal length.

A = 2w j&n (5)

tn

%h = %w/n (6)
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VI, Phase I Computer Program Logic and Equations (cont.)
2
c = 144K/(Q2g AX) (7

NOTE: K is input in the Design Program only. In the other two versions, it is
stored in Subroutine HGEPM as c¢ directly.

£qm: =c %ﬁé@ applied at entrance to each section (8)
&p =OD p/ (p -A-pk) +4p, (9)
12w D
Re = ————o (10)
A A
£ — 0.003 + 0.0221 Re™0* 2% for Re® 1 x 10° (11a)
= 0,02 for Re® 1 x 105 (11b)
o2 2
Ar, =144 £ 4 5°/(2 g £ DAY (12)
1 X
AP =AP +AP; (13)

NODAL CALCULATIONS

Q = (-hy/h, - hg) (14)
TW == (Th + TO)/Z (15)
h, =cg5re”® pr"0" (7‘1;;3)0“4 (16)
R, = t/k (17)
V=164 5 /(FA) (18)

Page 12



Report 21052-3F, Appendix C

VI, Phase I Computer Program Logic and Equations (cont.)

2 2
APy, =PV - V)2 g

AP

w_ AH

=AP, +AP,
k0.8 _ 0.4 A 04 £, 03
Cg 5 Re Pr S;;) f;i)
hyy 1= B
A, P
Q (1 -7 +1 Q<1-/,——">+;ﬁ
£ 4 V4
1
1 1
=+ R+
o] W hh

i
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TABLE I

PHASE II INJECTOR DESIGN DATA

GEOMETRY DATA

Oxygen Circuit Fuel Circuit Separator
Length Width  Depth Length  Width  Depth Thickness
(in.) (in. ) (in.) (in.) (in.) (in.) (in.)

Fine-Pattern Injector (347 Stainless Steel)

1. Heat Exchanger 3.54 0.05 0.0013 2,39 0.05 0.007 0.008
2. First AP 1.0 0.05 0.005 1.0 0.045 0.007 0.012
3. First Injector 0.35 0.05 0.0013 0,35 0.05 0.007 0.008
4, Second AP 0.5 0.05 0.005 0.5 0,045 0.007 0,012
5. Second Injector 0.35 0.05 0.0013 0.35 0.05 0.007 0.008
Number of Channels 2346 2397
Coarse-Pattern Injector (347 Stainless Steel)
1. Heat Exchanger 5.75 0.085 0.026 4,65 0.085 0.016 0.015
2. First AP 1.3 0.035 0.016 1.3 0.035 0.016 0.020
3. First Injector 0.25 0,085 0.026 0.25 0.085 0.016 0.015
4, Second AP 0.5 0.035 0.016 0.5 0.035 0.016 0,020
5. Second Injector 0.25 0.085 0.026 0.25 0.085 0.016 0.015
Number of Channels 759 792

ENTRANGCE AND EXIT LOSSES (Applied at entrance to each section)

AEk = c &iéo where %n is based on flow/channel
Fine-Pattern Injector Coarse=Pattern Injector
Oxygen "¢ Hydrogen ‘''c' Oxygen ''c' Hydrogen '¢'f
1. Heat Exchanger 0. 42x10° 0.19x10° 0. 35x10 0. 23x10%
2. First AP 0 0.43x10’ 0.43x10’ 0
3, First Injector 0. 20x108 0. 43x10’ 0.11x10’ 0.38x10’
4, Second AP 0 0.43%10’ 0.06x10” 0
7
5. Second Injector 0.20x108 0.43x10’ 0.11x10’ 0.38x10
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TABLE IT

TEST NUMBER - DESIGN DATA. CORRELATION

Test
No. KBAFS KPRESS
1 0 2
2 3
3 2
4 3
5 3
6 0 4
7 -1 3
8 4
9 3
10 2
11 1
12 4
13 3
14 2
15 1
16 4
17 2
18 1
19 3
20 3
21 4
22 -1 4

* Hydrogen reference pressure

KPATS

=ONN NN e

NN NN P

Interpretation

Fine Pattern, No Baffle, 215 psia*

Fine Pattern, No Baffle, 577 psia

Coarse Pattern, No Baffle,
Coarse Pattern, No Baffle,
Coarse Pattern, No Baffle,

Goarse Pattern, No Baffle,

215 psia
577 psia
577 psia
1700 psia

Fine Pattern,
Fine Pattern,
Fine Pattern,
Fine Pattern,
Fine Pattern,

Fine Pattern,

Coarse Pattern,
Coarse Pattern,
Coarse Pattern,

Coarse Pattern,

Fine Pattern,
Fine Pattern,
Fine Pattern,
Fine Pattern,
Fine Pattern,

Fine Pattern,

Baffled,
Baffled,
Baffled,
Baffled,
Baffled,
Baffled,

Baffled,
Baffled,
Baffled,
Baffled,
Baffled,
Baffled,

577 psia
1700 psia
577 psia
215 psia
50 psia
1700 psia

Baffled, 577 psia
Baffled, 215 psia
Baffled, 50 psia

Baffled,

1700 psia
215 psia
50 psia
577 psia
577 psia
1700 psia
1700 psia
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TABLE TII

NOMENCLATURE

English Letters and Program Symbols

Text

Program Symbol(s)

500 Hh O o

-

2 c o O
€ g < o H R g%ms&mw

AG, AH, AHT
XKG, XKH

SG2, SH2
DG, DH
XFG, XFH

HG, HH, HPG, HYF,
HGG, HGF

HPX, HHY, HGG, HGF,
ENTHG, ENTHH

XKKG, XKKH, XKGG, XKGF
YKG, YKH

¢L, HL

XN

PG, PH

DELPG, DELPH, DPGXK

QUALG

REYG, REYH

TBG, TBH, TW, TSAT
UMG, UMH

U

VG, VGT, VH, VHT
sG1, SHi

WP, WF, WGI, WHI

Area (in.z)

Entrance loss factor, Eq (%)
(1bf/in. 2-1bm/£ft3-sec?/1bm*)

Channel depth (in.)
Hydraulic diameter (in.)

Friction factor (=)

Gravitational constant (1bm—ft/lbf—secz)

Heat transfer coefficient (Btu/lbm—in,-secz)

Enthalpy (Btu/lbm)

Thermal conductivity (Btu/in.-sec~°R)

Entrance loss factor, Design Mode only (-)

Channel length, each section (in.)
Number of nodes in each section (in.)
Local pressure (lbf/in.z)

Pressure drop (1bf/in.2)
Prandtl number (=)
Quality; vapor mass/total mass (=)
Reynolds number (=)

Temperature (°R)

Conductance multiplier (-)

Overall conductance (Btu/in.-sec=OR)
Velocity (ft/sec)

Channel width (in.)

Total weight flow of each propellant
(1bm/sec)



Greek Letters
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TABLE III (cont.)

Text Program Symbol(s)

A XMUG, XMUGW, XMUH, Dynamic viscosity (1bm/ft-sec)
XMUGG, XMUGF
ya RHPG. RHAGW, RHQPH, Density (lbm/ftB)

GRHPG, GRHGF

Subscripts

[N

o oo

=l

¢}

Velocity head
Entrance
Friction loss
Hydrogen
Initial

Head loss
Saturated liquid
Node

Oxygen

Heat transfer
Saturated vapor
Wall

Cross Section

Internal Program Symbols

A Area enhancement factor for heat transfer, Eq (1) (=)
IFLAG Qutput option flag
1 = Long form
0 = Short form
-1 = Final velocity ratios
=2 = Pressure drop and ratios

Quality predictions and Reynolds number in the
first AP section
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TABLE III (cont.)

4, Internal Program Symbols (cont.)

KBAF Injector baffle configuration
0 = Unbaffled injector
=1 = Baffled injector
K@p Oxygen properties table print flag
KPAT Injector pattern flag
1 = Fine pattern, 347 SS
2 = Coarse pattern, 347 SS
3 = Input pattern, nickel
KPRES Propellant properties table reference flag
1 = 50 psia
2 = 215 psia
3 = 577 psia
4 = 1700 psia
SECT Injector section number (see Figure 1), Preface the
last section with a minus sign
WG, WH Weight flow per channel (1b/sec)

XLH, XLN Nodal length, Eq (4a) and (4b) (in.)
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